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ABSTRACT

Scientists have been well aware of the complexity of Martian and lunar regoliths.
There are vast unexplored areas on both, the Moon and Mars, as well as uncertainties in
our understanding of the physicochemical properties of their regoliths. Lunar and Martian
regoliths differ from terrestrial soils in that they appear granular, but are expected to contain
some cohesion. As such, cohesion in regolith poses challenges for future space operations,
more specifically for landing, settlement, and mobility purposes. The ability to induce
prescribed levels of cohesion in regolith simulants and reliably measure it would allow
scientists to evaluate space technology limitations under different operational scenarios on
Earth prior to a mission. Therefore, the objectives of this research were to (1) develop
methods to induce prescribed levels of cohesion in dry granular media, and (2) evaluate
accessible and reliable testing methods to measure cohesion.
We developed and evaluated several methods to induce cohesion in two types of
dry sand, F-75 silica sand and generic play sand. The methods to induce cohesion included
play sand mixed with sugar-water, polymeric sand, and nanocellulose fibers, as well as F75 sand mixed with polydimethylsiloxane, polyvinyl acetate, crystalline silica, agar, zerovalent iron, adhesive spray, and sand surface modification using a plasma gun. Each
method was assessed for advantages and disadvantages, and laboratory specimens
produced using the most promising methods were tested at different compositions and
densities to measure cohesion. The laboratory methods used to measure the cohesion
included direct shear test, simple direct shear test, and vertical cut test. The results from
these tests were then compared to tensile strength tests, using a split box test. In addition,
these tests were also performed on lunar simulants JSC-1A and GRC-3 at different
densities. The direct shear apparatus was available, but the other three devices were
fabricated as part of this work. Based on the research results, simple methods to potentially
induce low levels of cohesion in dry granular media are suggested along with suitability of
laboratory methods to measure the added cohesion.
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CHAPTER 1: INTRODUCTION
1.1 Problem Statement
Cohesion is an inter-particle attractive force that describes the shear strength
component of soils independent of the applied load. In terrestrial soils, electrostatic and
electromagnetic forces, cementation, and primary valence bonding and adhesion
generate true cohesion (Mitchell & Soga, 2005). On the other hand, pore water pressure
and root cohesion generate apparent cohesion (Mitchell & Soga, 2005). Dry lunar and
Martian regoliths differ from terrestrial soils in that they are mostly granular but expected
to contain some cohesion (Carrier, 2005, p. 4; Demidov, Bazilevskii, & Kuz'min, 2015).
As such, cohesion in regolith poses challenges for future space operations, more
specifically for landing, settlement, and mobility purposes. Equipment for space
exploration is costly and the existing conditions in some areas of the Moon and Mars are
unknown. Therefore, the ability to test space technology limitations is vital to design
cutting-edge technology, minimize risk, and plan for future space missions. Furthermore,
simple and reliable testing methods to measure cohesion in-situ on other planets or in
physical test beds on Earth have not yet been well established.
Accordingly, the overarching goals of this research were to (1) develop methods
to induce prescribed, uniform, permanent, and replicable levels of cohesion up to
approximately 10 kPa in dry granular media, while conserving other media properties;
and (2) evaluate existing testing procedures used to measure cohesion for proposing
practical and reliable methodologies for determining soil cohesion in support of in-situ
resource utilization processes modeled on Earth.
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1.2 Summary of Research Contributions
The primary contribution of this research lies in the initial efforts to induce low
levels of cohesion in dry granular media for space exploration purposes. The importance
is for scientist to easily conduct terramechanics tests on Earth on media with prescribed
and known levels of cohesion that might reflect the levels of regolith cohesion
encountered on other planets. Their results can then be used to analyze the physical tests,
which can then be extrapolated to simulate various scenarios. Therefore, ten laboratory
methods were explored to induce varying levels of cohesion in dry sand. Tests to estimate
cohesion were conducted on laboratory specimens that showed promise. These included
sand mixed with polydimethylsiloxane (PDMS), polyvinyl acetate (PVA), and
crystalline silica powder (CSP). In addition, tests were conducted to estimate the
cohesion of two existing lunar simulants, JSC-1A and GRC-3. This was done in order to
compare the results to the published literature and assess the testing methods used in this
research.
A total of four testing procedures – direct shear, simple direct shear, vertical cut
box, and split box tests – were compared in the hopes to improve, simplify, and validate
one or more testing procedures to estimate low levels of cohesion. Three of the four
devices were developed as a part of this research, and two of the devices have the
potential to measure cohesion relatively quickly. These are the vertical cut box and the
simple direct shear device. Overall, the four testing methods explored throughout this
research were intended to be simple and affordable for large test bed application. Based
on the observations throughout this research, several recommendations are provided for
2

future laboratory methods to induce cohesion, and to improve the testing procedures used
to estimate the corresponding levels of cohesion.
1.3 Thesis Outline

This thesis is organized in ten chapters. Chapter 2 is a literature review
summarizing the motivation for studying regolith cohesion, the current state of
knowledge regarding regolith cohesion, and the measurement techniques that have been
used to estimate the cohesion of media. Chapter 3 describes the four devices used to
measure the cohesion and tensile strength of the specimens prepared in the laboratory, as
well as of two simulants, JSC-1A and GRC-3. Chapter 4 describes the simulants and the
base materials used to prepare laboratory specimens. Chapter 5 summarizes the
laboratory methods explored to induce cohesion in dry granular media, and proposes
ideas for future work. Chapters 6 and 7 cover the direct shear, simple direct shear, vertical
cut, and split box test results for the two lunar simulants and the laboratory specimens,
respectively. Chapter 8 concludes this thesis with an overall summary, conclusions, and
recommendations. Finally, Chapter 9 provides references, and Chapter 10 details the
standard operating procedures for the four types of tests conducted.
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CHAPTER 2: LITERATURE REVIEW
2.1 Regolith Cohesion and Space Exploration
2.1.1 Vision for Future NASA Space Exploration
Since the Apollo 11 mission in 1969, the first human landing on the Moon,
National Aeronautics Space Administration (NASA) has been the space exploration
world leader, and plans to maintain that leadership (Dunbar, 2016). Through past and
current programs and projects designed for space exploration, NASA has achieved
“critical advances in aerospace, technology development and aeronautics” (Dunbar,
2016). In 1976, the first lander, Viking 1, touched Mars’ surface, followed by Viking 2
that same year (Williams, 2016). NASA’s success continued with a series of rover
landings on Mars – Pathfinder in 1996, and Spirit and Opportunity in 2004 – in addition
to the Phoenix lander in 2008, and the Mars Science Laboratory in 2012, which carried
the Curiosity rover (NASA, n.d.)
Among future missions, NASA aspires to send humans to an asteroid and to Mars,
as well as robotic explorers to the Moon’s poles (Dunbar, 2016). NASA has also outlined
three robotic missions to Mars with target launch dates in 2018 and 2020 (NASA, n.d.).
The 2018 missions include a geophysical lander, from the InSight Discovery Program,
and the ExoMars Rover (NASA, n.d.). The InSight would consist of a geophysical lander
capable of analyzing the subsurface characteristics such as seismology, heat flow, and
precision tracking, with an ultimate goal of understanding the formation of Mars (NASA,
2016). The ExoMars rover will analyze organic molecules in order to determine if life
ever existed on the planet, “along with its potential origin, evolution and distribution”
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(NASA, 2016). Finally, the 2020 mission consists of sending a rover to study rocks and
soils on Mars, track evidence of any microbial life, monitor atmospheric weather and
dust, and test the potential to extract oxygen from atmospheric carbon dioxide, among
other possible studies (NASA, 2014). The main objectives of the 2020 rover are to
prepare for prospective human missions and determine past conditions on the planet that
conceivably allowed for the existence of life on the planet (NASA, 2014).
2.1.2 Importance of Soil Cohesion for Space Exploration Technology and Missions
The missions mentioned in Section 2.1 and other future unmanned and manned
missions including establishing a base would involve processes such as rover mobility,
excavations, drilling and constructing foundations. Corresponding geotechnical
parameters such as the trafficability, slope stability and foundation bearing capacity are
governed by the shear strength of soils (Carrier, Olhoeft, & Mendell, 1991). Soil shear
strength is often expressed using a Mohr-Coulomb failure criterion as follows:
τf = c + σ tanφ

(1.1)

where the shear strength (τf), normal stress (σ), and cohesion (c) are in units of stress,
and the friction angle (φ) in degrees or radians. Consequently, the two soil parameters of
lunar and Martian regoliths, cohesion and friction angle have received much attention
since 1964 with the anticipation of space exploration (Carrier et al., 1991). In preparation
for future space missions, scientists must test their technologies on Earth on soils
representative of Martian and lunar regoliths.
As an important mechanical property that resists load, cohesion can influence
foundation design, slope stabilization, construction, anchoring, in-situ resource
5

utilization (ISRU) operations (e.g. mining), rover mobility, and excavations, among other
processes. Therefore, prospective space missions would benefit from a much improved
understanding of the effects of regolith cohesion on the above mentioned operational
processes. For instance, the ability to test the potential of soils with some cohesion that
may reduce rover mobility by binding to the tire treads can allow for efficient rover
designs, increased performance, and decreased potential for rovers entrenching in
regoliths. Another example would be excavation processes. The force magnitude needed
to excavate different levels of cohesive regolith can be predetermined allowing for
appropriate excavator designs.
Therefore, there is a pressing need to understand and predict the complex physics
behind regolith cohesion for future lunar and Martian missions. Also, terrestrial physical
experiments of ISRU and other processes along with their analytical models will continue
to be performed in preparation of the space missions. Figure 2.1 depicts the test beds at
the Glenn Research Center in Cleveland used to conduct such research. Conducting these
modeling exercises on regolith simulants with known amounts of cohesion will benefit
future missions.

Figure 2.1: NASA Glen Research Center terramechanics facility.

6

2.1.3 Challenges from Planetary Cohesive Regolith
Two fundamental challenges related to planetary soil cohesion include
unpredictable and variable stress loads, and “compaction or dilation under vibration or
shear” (Metzger, 2005). For instance, the high friction, cohesion and compaction of lunar
soils involve a significant excavation energy and torque required (Metzger, 2005). On
the other hand, predicting the excavation energy and torque needed to excavate Martian
soils is challenging, because Martian soils are not yet well-characterized (Metzger,
2005). Nonetheless, all the rovers and landers on Mars have studied the physical
properties of the soil in-situ (Hanley, Mellon, & Arvidson, 2014). Of these, the Phoenix
lander had trouble analyzing the specimen due to high and fluctuating cohesion levels
(Hanley et al., 2014). Initially, the specimen clumped and stuck to the lander’s scoop and
sample inlets, releasing at a later time (Hanley et al., 2014). Unless this phenomenon is
well understood, the random fluctuation in cohesion can pose severe implications for
human exploration, from rovers getting stuck and stranded to unstable structures. This in
turn, can increase the risks involved with Mars exploration.
Moreover, during the Apollo missions, loss of life could have resulted in the case
that a rover got stuck “away from the habitation module” (Metzger, 2005). Therefore,
due to uncertainties regarding wheel-regolith contact mechanics, the astronauts were
limited in the distances traveled by rover (Metzger, 2005). To resume human missions,
ISRU operations and rover mobility will require efficient transport of heavier loads. In
cohesive soils this can result in rover challenges regarding traction and bearing capacity,
“energy efficient designs, speed, and performance on slopes” (Metzger, 2005).
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Therefore, in order to carry out successful human missions to the Moon and Mars and
design high-performance technology, space scientists must be able to anticipate and
overcome the challenges potentially posed by soils with cohesion.
2.1.4 Lunar Regolith Characteristics
Between 1969 and 1976, six Apollo and three Luna missions brought back a total
of 382.3 kilograms of lunar regolith, rocks, and core samples to Earth (Todd, 2015;
Ivankov, 2017). The specimens originated from nine different lunar exploration sites
providing valuable information about the Moon’s surface (Todd, 2015). The Johnson
Space Center in Houston stores the specimens brought back by the Apollo mission, and
distributes approximately 400 samples per year for research and educational projects
(Todd, 2015).
Micrometeorite bombardment and solar wind irradiation break up and melt
portions of lunar surface soil particles forming agglutinates and glass (Meyer, 2003).
Lunar regolith grain size ranges from medium sand size to fine silt size with an
approximate average size of 72 microns (Carrier, 2005). Glass, local and foreign lithic
fragments, microbreccias, and agglutinates characterize the coarse fines (Meyer, 2003).
In addition, some of the samples returned from the Apollo missions contained pyroclastic
material, mainly volcanic glass (Meyer, 2003). Lunar regolith density ranges from 1.3
g/cm3 at the surface to 1.92 g/cm3 over depths of 1 m (Carrier, 2005). Measured cohesion
values for intercrater lunar regolith range between 0.44 and 1.9 kPa (Carrier et al., 1991).
Refer to Section 2.2 for the methods used to measure lunar regolith cohesion. Table 2.1
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summarizes the recommended bulk density, cohesion, and friction angle values over
given depth ranges of intercrater lunar areas (Carrier et al., 1991).
Table 2.1: Best estimates for bulk density, cohesion, and friction angle values of intercrater lunar
regolith. Adapted from Carrier et al. (1991).

Depth (cm)

Average Bulk Density
(g/cm3)

Cohesion, c (kPa)

Friction Angle, φ
(degrees)

0 – 15

1.50 ± 0.05

0.44 – 0.62

41 – 43

0 – 30

1.58 ± 0.05

0.74 – 1.1

44 – 47

30 – 60

1.74 ± 0.05

2.4 – 3.8

52 – 55

0 – 60

1.66 ± 0.05

1.3 – 1.9

48 – 51

2.1.5 Martian Regolith Characteristics
No samples of Martian regolith have yet been returned to Earth for analysis
(NASA, n.d.). In addition, Mars is presumed to have highly heterogeneous soils, which
are categorized into four general groups: dry regolith, frozen regolith, and soft and hard
rocks. (Demidov et al., 2015; Metzger, 2005). Martian dry regolith density ranges from
1.0 to 1.6 g/cm3, and the grain size from 1 to 200 microns (Demidov et al., 2015).
Depending on the grain size the dry regolith is characterized as drift, crusty to cloddy,
blocky, or sand (Demidov et al., 2015). From the rovers and landers that studied Martian
soils, the cohesion is estimated to range from 0.01 to 15 kPa, and the friction angle from
15° to 47° (Hanley et al., 2014). These values are derived from observations of rover
track prints, trenches, and soil penetrations, as seen in Figure 2.2 (Ming, et al., 2004).
Table 2.2 summarizes the physical properties estimated in-situ by each Mars mission
(Hanley et al., 2014).
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Figure 2.2: A hole drilled, to the left, and trenches scooped, to the right, on Martian soil by the
Curiosity rover (source: NASA photos from NASA/JPL-Caltech/MSSS).

Table 2.2: Estimated cohesion and friction angle values for Martian regolith by NASA’s Mars
exploration missions (source: Hanley et al., 2014).

Mission

Cohesion, c
(kPa)

Friction Angle, φ
(degrees)

Phoenix

0.2 – 1.2

29 – 47

MER Opportunity

5.0 – 8.0

20

MER Spirit

0.5 – 15

20 – 25

Pathfinder

0.01 – 0.6

15 – 41

1.6 ± 1.2

18.0 ± 2.4

5.1 ± 2.7

30.8 ± 2.4

1.1 ± 0.8

34.5 ± 4.7

Viking 1
(drift material)
Viking 1
(blocky material)
Viking 2
(crusty material)

2.1.6 Theories behind Lunar and Martian Regolith Cohesion
On the Moon, due to the formation process and composition of lunar regolith, the
soil particles are extremely irregular and vary in shape from spherical to highly angular
(Carrier, 2005). This allows the particles to interlock and compact tightly with a longaxis preferred orientation, increasing the shear strength of the soil (Carrier, 2005).
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Therefore, it is believed that the cohesive behavior of lunar regolith results from the
mechanical interlocking of the contorted soil particles (Carrier, 2005). In addition, lunar
regolith contains a high percentage of very fine particles (Carrier et al., 1991).
Particulates in the nano to micro scale have a high surface area relative to their volume,
which leads to strong interparticle forces at short distances. This interaction forms
agglomerates and influences the cohesive behavior of very fine particles.
More recent studies indicate that the moon’s surface is “hydrated during at least
some portion of the lunar day,” and that the dust particles are electrically charged (Bell,
2006; Brown, 2009; Walton, Moor, & Gill, 2006). The former would generate apparent
cohesion through capillary bonds, and latter would lead to static-electric interactions
between the particles as well as with other surfaces. Moreover, according to Walton et
al. (2006), the absence of an atmosphere on the Moon, and thus humidity, results in a
more chemically reactive surface and eliminates aerodynamic forces. The lack of
aerodynamic forces may intensify the effects of cohesion between particles. Finally, tests
using a centrifuge with rotating drums and on NASA’s KC-135 aircraft to simulate
different levels of gravity indicate that the cohesive behavior of powders increases as the
apparent gravity decreases (Walton et al., 2006). Hence, these conditions could
potentially contribute to the cohesive behavior of lunar regolith depicted in Figure 2.3.
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Figure 2.3: A boot-print of astronaut Buzz Aldrin in lunar soil from the Apollo 11 mission (source:
NASA photo AS11-40-5877).

On Mars, the low humidity and pressure generate electrostatic differences that
possibly increase Martian soil cohesion (Metzger, 2005). In addition, indirect evidence
indicates that Martian soil contains frozen water, due to hydrogen detected by “NASA
and European Space Agency spacecraft” in the planet’s surface material (Phillips, 2005).
Thus, Martian regolith presumably contains water ice molecules, which can bind the
grains together, extending from the poles of the planet to near its equator (Phillips, 2005).
Moreover, high and fluctuating cohesion levels might also result from “hydrated salts
and eutectic brines,” or dehydrated salts that bond the grains together at contact points
by wetting or crystallization, respectively (Hanley et al., 2014). Finally, according to one
of the theories described by Walton et al. (2006), Martian powders might exhibit an
increased cohesive behavior than that on Earth because the surface gravity of Mars is
approximately 38% that of Earth’s surface (Walton et al., 2006). Figure 2.4 depicts the
cohesive behavior of Martian soil.
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Figure 2.4: Wheel tracks formed by NASA's Mars Exploration Rover Curiosity (source: NASA
photo from NASA/JPL-Caltech/MSSS).

2.2 Existing Methods to Measure Cohesion
Prior to manned missions to the Moon, Surveyor 1 landed on the Moon in 1966
followed by the Surveyor 3, 5, 6, and 7 (Oravec, 2009). The Surveyors performed bearing
capacity, impact, and trenching tests to derive initial estimates of lunar regolith
mechanical properties, using a soil mechanics surface sampler (Oravec, 2009). Surveyors
3 and 7 gathered the best cohesion estimates, 0.35-0.70 kPa, but these were near the lower
bounds of the current best estimates (Carrier, 2005).
The experiments and observations carried out during the Apollo and Lunokhod
missions supplemented the lunar regolith data gathered by the Surveyor missions.
Astronauts at the Apollo 11 and 12 sites derived the first estimates of lunar regolith
cohesion based on observations (Carrier et al., 1991). As a result, these “were limited to
analyses of physical interactions with the lunar surface, including the Lunar Module
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(LM) landing; astronauts walking on level ground and on crater slopes; and penetration
into the soil by core tubes, the flag pole, and the Solar Wind Composition (SWC) shaft”
(Carrier et al., 1991).
The following Apollo missions, 14, 15 and 16, as well as two unmanned rover
missions, Lunokhod 1 and 2, used cone penetrometers, such as the one in Figure 2.5, to
measure cohesion in-situ (Carrier, 2005). In addition to cone penetrometer tests, the
astronauts made estimates based on shallow trench tests, Figure 2.6, and soil penetration
using devices such as a “rammer-jammer” and a “thin, cylindrical Neutron Flux Probe”
(Carrier, 2005). The Lunokhod rovers completed approximately 1,000 cone penetrometer
tests using a combined cone penetrometer and vane shear device (Carrier, 2005). These
are considered “the most important source of in situ [lunar soil] shear strength”
measurements (Carrier, 2005).

Figure 2.5: Self-Recording Penetrometer (SRP) used during the Apollo 15 and 16 missions, to the
left, and upper housing assembly part of the same SRP to the right (source: Carrier, 2005).

Figure 2.6: Trench dug in lunar regolith to study the regolith’s mechanical properties during the
Apollo 17 mission (source: Phillips, 2005).
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Common laboratory tests to measure cohesion include the pocket-penetrometer,
vane shear, direct shear, and triaxial tests. Besides the traditional methods to measure
cohesion, basic procedures that do not have ASTM standards have been developed over
the years including vertical cut and simple direct shear tests as well as direct tension
devices such as the split-box and traction devices, (Kim, 2001; Li, Zeng, & Wilkinson,
2013). The simple direct shear and vertical cut tests measure cohesion, and friction angle
in the direct shear test. The vertical cut test follows similar theories behind the trenching
tests made by astronauts during the Apollo missions (Li et al., 2013). The split-box and
traction tests measure the tensile strength of soils (Fukuzawa & Kimura, 1972; Kim,
2001).
2.3 Tensile Strength and Cohesion
According to the Mohr Coulomb failure criterion, cohesion is defined as the shear
strength component independent of the applied normal load as described in Equation 1.1.
In terrestrial soils, electrostatic and electromagnetic forces, cementation, and primary
valence bonding and adhesion generate true cohesion. On the other hand, pore water
pressure in partially saturated soils and root cohesion generate apparent cohesion.
In contrast, tensile strength represents the ability of a material to withstand an
applied load in tension without failing. For granular media several interparticle
psychochemical characteristics including electrical double layer and van der Waals
interactions, cementation, and capillary stresses due to suction and liquid surface tension
result in tensile strength (Lu, Wu, & Tan, 2007). Generally, it is assumed that tensile
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strength in dry granular media is insignificant and that this media only exhibits shear
strength as depicted in Figure 2.7 (Kim, Nam, Yun, Lee, & You, 2009).

Figure 2.7: Characteristic shear envelope of granular media. Adapted from Kim et al. (2009).

According to Kim (2001), the cohesion and tensile strength of granular media are
not necessarily related. For instance, while interlocking mechanisms significantly
increase the shear strength of a soil, as is the case of lunar regolith, the effects of this
mechanism are minimal in tension. Another example when the tensile strength and
cohesion differ is when two glass plates have a thin layer of water in between. Under
shearing forces the cohesive strength is low and allows the glass plates to easily slide
past one another, whereas the tensile strength is significant when trying to separate the
plates under tension. On the contrary, scrubbing pads exhibit substantial resistance in
shear, while the tensile strength is negligible when pulling the pads apart. Figure 2.8
depicts the difference in forces between the two systems.
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Figure 2.8: Behavior of tensile strength versus cohesion for two scrubbing pads and two wet glass
plates. Adapted from Kim (2001).

2.4 Review of Laboratory Techniques for Soil Shear Strength Determination
2.4.1 Direct Shear Test
The direct shear test follows American Society for Testing and Materials (ASTM)
standard D3080, “Standard Test Method for Direct Shear Test of Soils Under
Consolidated Drained Conditions” (ASTM International, 2011). The direct shear test
measures the consolidated shear strength of a soil specimen, and can be stress- or straincontrolled, although the latter is generally preferred. The test applies two stresses to the
designated plane of failure, a normal stress from a vertical load, and a shearing stress
from a horizontal load as shown in Figure 2.9. In order to plot the shear envelope of the
specimen, several tests are run on similar specimens under different normal stresses. The
peak and critical cohesion and friction angle can then be determined from linear
regression models of the failure envelopes.
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Figure 2.9: Direct shear test mechanics.

2.4.2 Vertical Cut Test
A vertical cut test is a quick and simple method to estimate cohesion levels in
soils. No ASTM standard exists for vertical cut tests, also referred to as critical height or
trenching test. Critical height refers to the maximum depth achieved in a cohesive soil
before a vertical cut collapses. This method has been applied to estimate the cohesion of
lunar simulant, JSC-1A, and most likely to estimate the cohesion of lunar regolith from
trench testing on the Moon (Li et al., 2013; Carrier et al., 1991).
Using the lower bound solution, the critical height value relates to cohesion by
the following equation,
𝑐 = 0.5𝛾𝐻𝑐

(1.2)

where, c is the cohesion, γ is the unit weight of the soil, and Hc is the critical height (Li
et al., 2013). As depicted in Figure 2.10, the minor principal stress is zero acting in the
horizontal direction, while the major principal stress is the product of γ and Hc acting in
the vertical direction (Atkinson, 1993). Based on this analysis, the friction angle of the
soil is ignored or assumed to be zero. Li et al. (2013) conducted vertical cut test
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experiments on JSC-1A specimens, and obtained cohesion values ranging from 0 to 1.1
kPa using Equation 1.2. Figure 2.11 depicts the device used as well as the critical heights
of the specimens by Li et al. (2013).

Figure 2.10: Lower bound solution of a vertical cut.

Figure 2.11: Vertical cut test results for JSC-1A specimens to the left, and cutting blade system to
the right by Li et al. (2013).

19

2.4.3 Simple Direct Shear Test
Similar to the direct shear test, the simple direct shear test is used to measure the
shear strength of a specimen with increasing normal loads. The simple direct shear device
is useful when the direct shear device cannot accurately apply low consolidation stresses
to the specimen. The simple direct shear device is commonly referred to as a Hubberttype apparatus, and has been used in faulting mechanics studies. Hubbert (1951) used a
simple direct shear test in order to determine the tangential and normal stress conditions
under which a specific surface slippage occurred in sand (p. 360). The set up for the
device consists of a box with an upper half that slips with respect to the lower half. The
normal stress was controlled “by increasing the load N pressing upon the sand” in the
box and the shear stress by “increasing the force T until” failure along the shear plane
occurred, depicted in Figure 2.12 (Hubbert, 1951)

Figure 2.12: Schematic of simple direct shear box used by Hubbert (1951).

Since then, numerous studies have used modified versions of the simple direct
shear box described by Hubbert (1951) such as Abdelmalak et al. (2016), Bureau,
Mourgues, and Cartwright (2014), Galland, Cobbold, Hallot, d'Ars, and Delavaud
(2006), Graveleau, Hurtrez, Dominguez, and Malavieille (2011), Krantz (1991),
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Lohrmann, Kukowski, Adam, and Oncken (2003), Mourgues and Cobbold (2003),
Richefeu, Youssoufi, and Radjaï (2006), Schellart (2000), and Mechelen (2004). The
device modeled for this research is a modified version of the devices used by Krantz
(1991) and Schellart (2000), depicted in Figure 2.13. Schellart (2000) conducted studies
on dry granular materials like quartz sand, glass microspheres, and sugar, and measured
cohesion values between 0 and 0.25 kPa. He described the fracture envelope behavior of
all materials consolidated at normal stresses below 0.4 kPa as convex-outward
converging towards a linear trend as the normal load increased, depicted in Figure 2.14
(Schellart, 2000). Krantz (1991) conducted simple direct shear studies on dry quartz
sand, pure clay, glass microspheres, wheat flour, as well as on sand and clay, and sand
and cement mixtures. His cohesion parameter results ranged from 0.03 to 0.70 kPa
(Krantz, 1991).

Figure 2.13: Diagrams of Hubbert-type devices, developed by Krantz (1991) to the left, and by
Schellart (2000) to the right.
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Figure 2.14: On the top, simple direct shear test results; on the bottom, approximate best-fit lines
for the data. The materials S, GM, and CS stand for dry sand, glass microspheres, and caster
sugar, respectively. The roman numerals distinguish between different grain sizes (source:
Schellart, 2000).
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Krantz (1991) and Schellart (2000) incorporated important modifications to the
Hubbert-type device. Foremost, Krantz (1991) suspended the upper ring with strings in
order to minimize friction between the two rings. Schellart (2000) in addition, included
a small gap between the two rings to further reduce friction in the system, and designed
smaller rings to facilitate uniform sample preparation. Abdelmalak et al. (2016), Galland
et al. (2006), and Gravelau et al. (2011) used simlar simple direct shear devices to
measure the cohesion of dry silica powder specimens. Abdelmalak et al. (2016),
measured cohesion values ranging from 0.14 to 0.56 kPa for different mixtures of silica
powder and glass beads. Galland et al. (2006), measured a cohesion value for smooth
silica microspheres to be 0.002 kPa, and for crystalline silica powder to be 0.30 kPa.
Gravelau et al. (2011) measured cohesion values ranging from approximately 2 to 12
kPa. Most simple direct shear devices applied shear loads to the specimens by using a
pulley and hanging masses, as depicted in Figure 2.13.
2.5 Soil Tensile Strength Determination using Split Box Test
Compared to shear strength testing, tensile testing of soils has not been wellgrounded in the literature yet, especially for dry soils. Nonetheless, many simple devices
have been developed to directly approximate the tensile strength of partially saturated
soils. This research used a direct tension device that is based on direct uniaxial tensile
force principles. Thus, during the test, tensile stress is uniformly and directly applied to
the specimen only on the principal plane, and no stresses are applied to other planes. The
specimen undergoes tensile stress lengthwise until specimen fails. The tensile strength
can then be calculated according to the cross sectional area of failure and the load.
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Tideswell and Tolleyfield originally proposed the idea of the tilting table method,
providing the foundation for the design of many tensile testing methods for granular
media (Ashton, Farley, & Valentin, 1964). Dawes (1952) first published the tilting-table
method, which was then improved by Ashton et al. (1964). Dawes (1952), Ashton et al.
(1964), and Schubert (1975), all conducted tensile tests on powders. Even though the
tilting-table method was appropriate to measure bulk materials having low tensile
strength, it was “limited by its lack of sensitivity and” the results were not reproducible
(Ashton et al., 1964). The tilting table measured tensile stress based on the combined
weight of the movable glass slide and the powder on the glass, as well as the failure angle.
Nonetheless, the low angles of the table that caused failure in specimens could
not be measured accurately, and their effects could not be quantitatively measured. For
instance, the magnitude of the failure angle influenced the cross sectional area of the
failure plane. Moreover, the cross sectional area of failure was irregular, and the bulk
density of the powder was difficult to control and measure accurately. Consequently,
Ashton et al. (1964) designed a split table where the normal load could be controlled, the
bulk density directly measured, and the tensile load applied at a constant rate (Figure
2.15). The specimen was contained in a cylindrical dish that split diametrically – one half
was fixed and the other rested on steel balls in grooves. The free half was attached to a
calibrated spring that applied a constant load at a known rate.
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Figure 2.15: Sketch of the split table apparatus by Ashton et al. (1964). Where A) fixed half of the
cylindrical dish; B) moving half of cylindrical dish; C) steel balls in grooves; D) wire loop
encircling cell and attached to E) two pins on both sides of B; F) spring that applies the tensile
load; G) spring used for zero-adjustment; H) nut and screw to extend G; I) clamping screw to hold
A and B together; J) proximity probe to switch off motor; K) ring mold to consolidate sample; L)
circular consolidation plate that fits K; and M) load applied vertically to L.

According to Schubert (1975), researchers have commonly used this split table
procedure, which “has been introduced as a standard method for measuring the tensile
strength of slightly compacted bulk materials” (p. 111). Schubert (1975), further
improved the apparatus by Ashton et al. (1964). The apparatus, displayed in Figure 2.16,
has two mobile plates that hold the bulk material and sit on three spheres, all on top of a
fixed base plate. A container is suspended by a thin thread, and is used to apply the tensile
stress to the sample by filling the container to a specific load. This loading technique is
more accurate than the calibrated springs, because the spring vibrations can interfere with
the results (Schubert, 1975). In addition, a U-tube manometer is built-in to measure the
capillary pressure of the saturated powder, as well as two inductive displacement sensors.
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Thus, the tensile strength could be measured by two means, based on the cross sectional
area of the specimen’s failure plane and corresponding failure load, as well as derived
from capillary suction (Schubert, 1975).

Figure 2.16: Sketch of the split-table apparatus by Schubert (1975).

Perkins (1991) modified the design of the direct tension split-table to a split box,
depicted in Figure 2.17, in order to measure the tensile strength of Minnesota Lunar
Simulant (MLS-1). The apparatus consisted of a box that splits in two equal halves. The
box held a specimen of 17.8 cm3 volume. One half of the box was free to move as it was
mounted on horizontal guide rails with roller bearing blocks. On the other hand, the other
half of the box was secured by two vertical guide rails. A motor and load cell were
mounted to the base plate and attached to the free half of the box (Perkins, 1991).
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Figure 2.17: Sketch of the direct tension apparatus developed by Perkins (1991).

To represent the results, Perkins (1991) plotted “the average stress on the vertical
plane of failure versus the displacement” of the free half of the box. The experiments did
not provide a precise tensile strength value for MLS-1, though all the values lied below
1.0 kPa. Additionally, Perkins (1991) obtained tensile strength values ranging between
0.05 and 0.07 kPa from unconfined tension experiments on MLS-1. He concluded that
the tensile strength was a result of interlocking between highly angular particles (Perkins,
1991).
Mikulitsch and Gudehus (1995) designed a revised version of the direct tension
apparatus that Perkins (1991) developed, presented in Figure 2.18. Similar to the split
box by Perkins (1991), one half of the device was fixed in place, while the other was free
to move on ball bearings. The free half was attached to a hanging bucket through a thread.
Water was slowly added to the bucket in order to increase the forces acting on the system,
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and split the device in half. The significant distinction from the previous version is that
this apparatus had the side walls designed at an angle to reduce slippage. As the bucket
was loaded with water and tension expanded across the failure plane, the angled walls
enhanced the contact between the media and the vessel. Mikulitsch and Gudehus (1995)
used this apparatus to conduct tensile tests on sand, silt, and loess.

Figure 2.18: Sketch of the direct tension apparatus developed by Mikulitsch and Gudehus (1995).

Kim (2001) developed a split box to measure tensile strength of partially saturated
F-75 Ottawa sand specimens. This design incorporated characteristics from both, the split
box by Perkins (1991), and the one by Mikulitsch and Gudehus (1995). The sample
container maintained the same dimensions and setup as the design by Perkins (1991).
However, four wooden wedges covered with sandpaper were placed inside the container
to enhance specimen-container contact as tension developed across the vertical failure
plane. The wedges had 20º angles – slightly higher than the dilatancy angle of the sand,
but small enough to prevent the development of high stresses at the center of the failure
plane. The sandpaper on the wedges prevented slip conditions between the wedges and
the granular media. In addition, two loading containers were attached to the front half of
the box, and placed on opposite ends of the apparatus in order to keep the system
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balanced, as depicted in Figure 2.19 (Kim, 2001). To determine the media’s tensile
strength, water was added at a slow constant rate to the front loading container until the
specimen split.

Figure 2.19: Sketch of direct tension apparatus developed by Kim (2001).
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CHAPTER 3: TESTING METHODS EMPLOYED IN THIS RESEARCH
3.1 Introduction
The Mohr-Coulomb failure criterion (equation 1.1) is routinely used to express
the shear strength of soils, and includes two parameters – cohesion and internal friction
angle. Common laboratory tests that can be used to attempt to determine cohesion and
have ASTM standards include the pocket-penetrometer, vane shear, direct shear, and
triaxial tests (Carrier, 2005). However, out of these tests, pocket-penetrometer, and vaneshear tests are unreliable to test dry granular soils with low levels of cohesion (Li et al.,
2013; South Carolina Department of Transportation, 2008). Direct shear testing is a
simple procedure and uses small soil specimens. A disadvantage to this method is that
the predetermined horizontal plane of failure might not be the weakest one (Bowles,
1992). Furthermore, the contact area decreases as the specimen is sheared, and nonuniform stresses develop at the boundaries. Finally, measuring small levels of cohesion
can be challenging with the direct shear device. Triaxial testing is generally preferred
over direct shear testing; however, it requires extensive experimental device and
procedures. Also, similar to the direct shear test, measuring small values of cohesion with
the triaxial test is challenging.
Besides the traditional methods to measure cohesion, basic procedures that do not
have ASTM standards have been developed over the years including the vertical cut and
simple direct shear tests, as well as direct tension devices such as the split-box (described
in Chapter 2) and traction tests (Li et al., 2013; Kim, 2001). The simple direct shear and
vertical cut tests can be used to estimate cohesion. The vertical cut test follows similar
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theories behind the trenching tests made by astronauts during the Apollo missions (Li et
al., 2013). The split-box and traction tests measure the tensile strength of soils (Kim,
2001).
For this research, the laboratory methods used to measure cohesion included the
direct shear test, simple direct shear test, and vertical cut test. The results from these tests
could then compared to tensile strength tests, using a split box device. The direct shear
apparatus was available, but the simple direct shear, vertical cut, and split box devices
were fabricated as part of this work.
3.2 Testing Devices
3.2.1 Direct Shear Test
The direct shear test follows ASTM standard D3080, “Standard Test Method for
Direct Shear Test of Soils Under Consolidated Drained Conditions” (ASTM
International, 2011). The tests were performed using GEOCOMP’s ShearTrac-II system
depicted in Figure 3.1. The frame has a total of four transducers, two in each, the vertical
and horizontal directions. One set of transducers are linear variable differential
transformers (LVDTs) to measure vertical and horizontal displacement, and the other set
are two load cells with a maximum capacity of 500 lbs to measure shear and normal
loads. The specimen is held in a set of shearing rings secured in an outer container, which
can be filled with water if the soil specimen were to be saturated. Two micro-stepper
motors connected to worm gears control the normal and shear loads applied to the
specimen by shifting up and down, and right and left, respectively. The hardware is
connected to a software that can be used to monitor the test and display, edit, and produce
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test reports. Nonetheless, tests can also be conducted manually using the keypads on the
loading frame. In addition, the frame has limit switches to prevent moving the loading
mechanism past its physical limits in both, the horizontal and vertical directions.

Figure 3.1: GEOCOMP ShearTrac-II System used for the direct shear tests

To conduct a direct shear test, the specimen is prepared in two shearing rings that
are aligned and held together by screws. A porous stone lies beneath the specimen, and
another on top of the specimen with a loading pad and steel ball. The shearing rings with
the specimen are placed and secured in the outer container. First, the specimen is
consolidated under the normal load specified by the user, then the screws holding the
rings together are removed, and the specimen is sheared at a user-specified displacement
rate until the maximum displacement or force is reached. Figure 3.2 depicts the forces
applied to a specimen during the test (Bardet, 1997). At least three tests under different
normal stresses have to be conducted in order to plot the failure envelope. Peak shear
stresses are generally plotted against the corresponding normal stresses. A linear
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regression is then added through the points, where the y-intercept corresponds to the
cohesion value, and the inverse tangent of the slope corresponds to the angle of internal
friction. The steps to conduct a direct shear test are detailed in Appendix 10.1.1.

Figure 3.2: Forces applied to a specimen during direct shear test (source: Bardet, 1997).

3.2.2 Simple Direct Shear Test
A simple direct shear apparatus was built to facilitate tests at low normal stresses
and measurement of small cohesion values, and is illustrated in Figure 3.3. The design is
based on Hubbert-type shear boxes, and was used for normal stresses smaller than 15
kPa, which are difficult to apply in the direct shear apparatus that was available for this
research. At small normal stresses, the failure envelope can follow a curved trend, instead
of a linear one. The simple direct shear device consists of two rings, one is fixed to a
bottom plate, and the other hangs above the fixed one using four strings, 740 mm in
length. The strings should be long enough relative to the inside diameter of the rings in
order to prevent developing friction between the rings as the top one moves over the
bottom ring. Each ring is 50 mm high, and 89 mm inner diameter. The ring thickness is
6 mm, allowing maximum horizontal displacement of about 5 mm. The total specimen
33

thickness can be as much as 100 mm, but inserts have been made so the specimen height
can be made smaller. Additionally, the cylinders should be separated by a small gap of
0.5 mm at the most to inhibit friction between the two rings, and at the same time prevent
the soil from spilling out from the gap. The strings also help in near horizontal movement
of the top ring when sheared and minimize tilting.

Figure 3.3: Sketch of the simple direct shear device.
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As depicted in Figure 3.3, the upper ring is attached to a type S load cell (Phidgets,
CZL301C) by a string, and moves laterally under traction exerted by a Nema 34 stepper
motor (StepperOnline, 34HS31-5504S). The string used is a zero-stretch multifilament
line from Goture with a tension capacity of 36.4 kg. The load cell and the motor are both
connected to their own amplifiers. It is important to note that the amplifiers should not
exceed 22 volts for the motor, and 12 volts for the load cell. The motor steps 0.01617
mm per second until the user manually turns off the motor, or until the motor reaches a
total of 10,000 steps. The load cell has a maximum capacity of 100 kg, and a 0.01 kg
sensitivity. Due to the sensitivity of the load cell, which translates into 16.3 Pa, the
friction of the apparatus itself could not be estimated. Nonetheless, three tests were
conducted with the empty cylinder and the values remained nearly constant at the zero
line indicating that the friction of the system is negligible.
The specimen height in the top ring should be smaller than the diameter of the
ring in order to minimize the silo effect (friction between the media and the cylinder
walls) (Abdelmalak, et al., 2016, p. 44). The specimens are tamped to the desired density
using a hand circular tamper that is 5.4 cm in diameter. The height of the media in the
upper cylinder and small masses placed on top of the specimen on the top platen exert
the normal stress on the specimen. Figure 3.4 depicts the set up.
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Figure 3.4: Simple direct shear device set up.

DATAQ Instruments Hardware Manager software is used to record the load cell
voltage readings in real time, as depicted in Figure 3.5. In the figure, the dark blue line
represents the data collected during the test, and each grid cell represents 20 seconds.
The voltage at each point in time is reported at the left of the window, and the total testing
time is reported at the bottom. For instance, in Figure 3.5 the total testing time is 376
seconds.
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Figure 3.5: Software used to record voltage readings throughout the test.

The load cell voltage can be converted to Pascals using the following equations,
𝐹 = 13.7608 × 𝑣𝑜𝑙𝑡 × 𝑔
𝜏 =

𝐹

(3.1)
(3.2)

𝐴𝑐𝑠

where, F is force in Newtons, 13.7608 kg/volt is the calibration value for the load cell, g
is the gravity of Earth in SI units (9.81 m/s2), Acs is the cross sectional area of the failure
plane in square meters, and τ is the shear stress in Pascals. The shear stress is then plotted
against the shear displacement, and the Mohr-Coulomb failure envelope constructed by
plotting the peak shear stress values against the corresponding normal stress for each test.
Appendix 10.1.2 includes step by step testing procedure.
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3.2.3 Vertical Cut Test
A vertical cut test apparatus was built for inferring cohesion values of simulants,
as an alternative or supplemental method to the direct shear and simple direct shear
testing methods described above. The design of the apparatus, depicted in Figure 3.6,
was loosely based on the device used by Li et al. (2013) to measure the cohesion of JSC1A. The device consists of a clear box measuring 65 cm long, by 30 cm wide, and 30 cm
tall (inside dimensions). Based on the dimensions of the box, the maximum cohesion that
can be tested using this procedure is about 2.7 kPa when assuming a specific weight of
18 kN/m3.
The box is divided in three sections; two sections on each end that contain
specimens, and one section in the middle to collect the removed soil. Thus, two
specimens can be prepared and tested simultaneously. Two removable walls made up of
fifteen 2 cm tall partitions contain the specimens in place. In addition, different height
supporting blocks hold the removable walls. A 30 cm tall and 28 cm wide plate has a 1
cm tall metal blade attached to it. The plate is held in place by two blocks with twisting
T-bolts that rest on either end of the box.
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Figure 3.6: Sketch of vertical cut test device. Units are in centimeters.

39

The test consists of creating a vertical cut in the specimen using a cutting blade
and gradually increasing the height until the vertical wall collapses. The desired amount
of media is first weighed and then poured into the vertical box in layers. Each layer is
compacted to a desired density using the rectangular tamper with a 3.5 kg dropping mass,
depicted in Figure 3.7. According to the target height and density, the mass is dropped a
specific number of times from a set height of 20 cm on each spot. This procedure ensures
specimen preparation repeatability, even though it does not necessarily ensure uniform
density throughout the specimen.

Figure 3.7: Tamping device for the vertical cut test.

Once the specimen is prepared, the top slab of the removable wall is removed,
and the blade lowered 2 or 3 mm into the specimen. This value can be increased for
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highly cohesive media. The blade is then slowly and carefully pushed towards the center
of the box leaving a vertical cut on the specimen. The procedure is repeated, increasing
the depth of the cut at set increments each time, until the vertical cut collapses. Slabs
from the removable wall are removed as needed. The collapsing height is recorded as the
critical height, and the corresponding cohesion value is calculated using Equation 1.2.
Appendix 10.1.3 provides step by step testing procedure.
Important future improvements for this design include a method to remove the
wall that does not disturb the specimen, a system that provides smooth mobility of the
blade, and a system to easily lower the blade by accurate small increments. The way the
device is currently designed, the slabs are removed by sliding them towards the middle
container. However, some of the slabs are constricted too tightly by the side walls, and
thus when removed they disturb the specimen. Similarly, the blade does not slide
smoothly over the sides of the box, disturbing the specimen. Finally, a system to slowly
lower the blade by specific increments would improve the accuracy of the test; in the
current design (Figure 3.8), lowering the blade manually by less than 5 mm is
challenging.

41

Figure 3.8: Vertical cut device.

3.2.4 Split Box Test
A slightly altered version of the direct tension apparatus developed at the
University of Colorado at Boulder (Kim, 2001; Kim & Sture, 2008) was used for tensile
testing (Figure 3.9). In order to test smaller specimens, the box dimensions were reduced
from 17.8 cm3 to 15.25 cm3. In addition, the guiding rails were placed below the box to
the sides to allow the specimen to fall between the rails after failure. This prevents
material from getting trapped between the ball bearings, and thus minimizes the friction
of the system and facilitates the cleaning process. For accessibility purposes, the
balancing container was placed on the same side as the loading container. Finally, two
latch clamps, which can be easily released to minimize disturbance to the specimen, hold
the two halves of the box together while the specimen is prepared. The side wedges
maintained an angle of 20° and were layered with sandpaper to enhance specimencontainer contact as tension develops across the vertical failure plane. Figure 3.10
depicts the split box dimensions.
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Figure 3.9: Split box apparatus.

Figure 3.10: Split box apparatus with dimensions in centimeters.
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Prior to running each test, the initial friction force (FF) from the rails must be
determined by recording the weight of water it takes to separate the empty box. If this
value is consistent, it does not need to be measured prior to conducting each test. This
initial force measurement is then subtracted from the final failure loads after specimen
testing. The specimen is tamped to a desired density with a tamping device illustrated in
Figure 3.11. This procedure ensures specimen preparation repeatability, even though it
does not necessarily ensure uniform density throughout the specimen. Once the specimen
is prepared, the latch clamps are released, and water is added slowly at a constant rate of
340 cm3 per minute to the front loading container until the splits in half. The water flow
control valve was obtained from Swage Lock (B-4MG). After the specimen fails, the
mass of the water collected in the loading container is measured (FT). The tensile strength
of each specimen is calculated by dividing the weight of water needed to break the
specimen by the cross-sectional area of the specimen’s failure plane as described in the
following equation
σt =

𝐹𝑇 −𝐹𝐹

(3.3)

𝐴𝑐𝑠

where Acs is the cross sectional area of the failure plane. Appendix 10.1.4 provides step
by step testing procedure.
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Figure 3.11: Tamping device for split box test.

Future improvements to this design include adding sweepers to prevent dust
getting trapped between the ball bearings, and having only one ball bearing system to
minimize alignment issues. Furthermore, installing a load cell and motor system would
allow for displacement measurements, as well as more accurate loading measurements.
Lastly, designing wedges that had adjustable angles would also be beneficial.
3.3 Future Research for Testing Devices
According to the second objective of this research, future research should focus
on developing simple devices that can be used to estimate levels of cohesion in-situ. The
simple direct shear device could be modified so that the strings holding the top shear cell
displace with the cell, thus decreasing the size of the apparatus. Other devices such as
the FT4 Powder Rheometer by Freeman Technology, designed to quantify the rheology
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of powders, could possibly be modified to measure the cohesion of media. The device
measures failure properties of a powder in accordance with ASTM standard D7891,
“Standard Test Method for Shear Testing of Powders Using the Freeman Technology
FT4 Powder Rheometer Shear Cell” (ASTM International, 2015). More specifically, the
rheometer includes a rotational shear cell, as well as a column for aeration tests, as
depicted in Figures 3.12 and 3.13 (Freeman Technology, 2017).

Figure 3.12: FT4 Powder Rheometer rotational shear cell (source: Freeman Technology, 2017).

Figure 3.13: FT4 Powder Rheometer aeration test (source: Freeman Technology, 2017).
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The rotational shear cell works similar to the direct shear cell, but it applies the
shear load in rotation, which allows for a larger shearing distance compared to the
translation shear cell (Freeman Technology, 2017). The shear cell can also be used to
measure the “sliding resistance between the powder and the surface of the process
equipment”, or the friction between the specimen and the wall cell (Freeman Technology,
2017). For the aeration test, air is supplied at specified velocities through a porous mesh
at the base of the column until the cohesive forces are exceeded and the grains separate
cell (Freeman Technology, 2017). Thus, cohesion is measured as a resistance to flow, or
aerated energy (Freeman Technology, 2017). However, this test does not appear to
distinguish between tensile and shear strength. Advantages to this design, include a small
specimen size, simple procedure, and the ability to conduct two different tests in one
device. This method is probably worth exploring.
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CHAPTER 4: SIMULANTS AND BASE MATERIALS
4.1 Introduction

Two simulants, JSC-1A and GRC-3, were used in this research without any
additives in order to compare the results from the four testing devices described in
Chapter 3, and validate one or more testing procedures. Several studies have been
conducted to estimate the cohesion of JSC-1A, and thus the results from this research
could be compared to the published literature. On the other hand, a reliable estimate of
the cohesion levels of GRC-3 has not been established yet. In addition, three base
materials, play sand, F-75 fine silica sand, and glass beads were used to prepare several
laboratory specimens with additives to induce cohesion.
4.2 JSC-1A
Since the 1970’s there have been over thirty lunar regolith simulants produced
and at least three Martian regolith simulants, JSC Mars-1, JSC Mars-1A, and MMS
(Taylor, 2010). Five of the lunar simulants including MLS-1, MLS-1P, MLS-2, ALS,
and JSC-1 have been exhausted (Taylor, 2010). Most lunar simulants have been designed
to model the mare, or dark regions of the Moon (McLemore, n.d.), except for the NULHT, OB-1, NAO-1 and CHENOBI simulants, which were designed to model the
highland soils, or the light regions of the Moon (Taylor, 2010).
According to Hill et al. (2007), JSC-1 was produced in 1993 from a basaltic tuff
rich in glass in order to resemble the engineering properties of a regolith sample from the
Apollo 14 mission. JSC-1 was developed to study “material handling, construction,
excavation, dust control, spacesuit durability, oxygen production, and sintering to
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produce building blocks” in anticipation for human operations on the Moon (Hill, Mellin,
Deane, Liu, & Taylor, 2007). Once JSC-1 was exhausted, JSC-1A, Johnson Space Center
Number One-A, was mined from the same volcanic cinder quarry source as JSC-1, the
Merriam Crater near Flagstaff, Arizona (Gustafson, 2007). As such, JSC-1A consists of
milled and sieved basaltic ash (Gustafson, 2007) composed mostly of glass, 49.3%,
plagioclase, 38.8%, and olivine, 9% by volume (Hill et al., 2007). Table 4.1 contains the
major element composition of JSC-1A (Gustafson, 2007) compared to the Apollo 14
lunar regolith sample, 14163 (Rose, et al., 1972).
Table 4.1: Major element composition of JSC-1A, reported by Gustafson (2007), and regolith
sample 14163 from the Apollo 14 mission reported by Rose et al. (1972).

Oxide

JSC-1A (% wt)

Lunar Soil 14163
(% wt)

Percent Difference
(%)

SiO2

46.67

47.97

2.71

TiO2

1.71

1.77

3.39

Al2O3

15.79

17.57

10.13

Fe2O3

12.50

0.0

─

FeO

8.17

10.41

21.52

MnO

0.19

0.14

35.71

MgO

9.39

9.18

2.29

CaO

9.90

11.15

11.21

Na2O

2.83

0.68

316.18

K2O

0.78

0.58

34.48

P2O5

0.71

0.52

36.54

According to several studies, the grain size distribution of JSC-1A falls within
the distribution range of lunar regolith provided by Carrier et al., 1973, as depicted in
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Figure 4.1, (Arslan, Batiste, & Sture, 2010; Iai & Luna, 2011; Zeng, et al., 2010). The
bulk density ranges from 1.56 to 2.04 g/cm3, (Alshibli & Hasan, 2009; Zeng, et al., 2010),
and the friction angle from 34.1° to 68.1° (Iai & Luna, 2011). Several studies have been
conducted to measure the cohesion of JSC-1A. The results are summarized in Table 4.2
along with the corresponding sample density and angle of friction. NASA Glenn
Research Center, Cleveland, OH, provided the JSC-1A used in this investigation.

Figure 4.1: JSC-1A particle size distribution in color lines compared to lunar regolith distribution
range reported by Carrier et al. (1973) in black dashed lines (source: Iai & Luna, 2011).
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Table 4.2: Cohesion and friction angle results from different tests conducted on JSC-1A with the
corresponding sample density.

Test

Density
(g/cm3)

Cohesion
(kPa)

Friction
angle
(degrees)

Source

Triaxial

1.63 – 1.88

2-5

40 – 59

Alshibli &
Hasan (2009)

Triaxial

1.70 – 1.88

1.4 − 2.4

42.9 – 48.8

Arslan et al.
(2010)

Triaxial

1.66 – 1.94

─a

41.9 – 56.7

Zeng et al.
(2010)

Direct
Shear

1.58 – 2.01

0.8 – 37.5

34.1 – 68.1

Masafumi &
Luna (2011)

Vertical
Cut

1.61 – 1.96

0.0 – 1.1

─b

Li et al.
(2013)

Split Box

1.7 – 1.9

0.93 – 2.02

─b

Arslan et al.
(2010)

a

High effective confining pressure was used during the triaxial tests. Cohesion values were too low to
obtain a reliable measure (Zeng, et al., 2010).
b
Friction angle cannot be derived from vertical cut or split box tests.

4.3 GRC-3
The terramechanics facility at NASA’s Glenn Research Center (GRC) in
Cleveland uses bins containing at last 40 metric tons of simulant to perform rover
mobility and excavation tests (He, 2010). As a result, research at the terramechanics
facility requires large quantities of simulant at an affordable cost. Because of the high
cost and limited of JSC-1A and other simulants, the NASA GRC synthesized simulants
specifically for excavation and wheel-soil interaction testing, GRC-1 and GRC-3
(Taylor, 2010).
To best match the approximate grain size distribution of lunar regolith, GRC-3
consists of 52% Bonnie silt from Burlington, Colorado, and 48% four different types of
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sands from the Best Sand Corporation in Chardon, Ohio (He, 2010). GRC-3 is wellgraded silty sand composed of 70% sand and 30% silt, and the particle size distribution
falls within one standard deviation from the average lunar regolith distribution, depicted
in Figure 4.2 (He, Zeng, & Wilkinson, 2013). The bulk density ranges from 1.52 to 1.94
g/cm3, and the friction angle from 37.8° to 47.8° (He, 2010). Reliable determination of
GRC-3 cohesion levels has not been done yet (He, 2010). Even though some of the
geotechnical properties of GRC-3 are somewhat smaller than those of lunar regolith, such
as the average specific gravity and internal friction angle, GRC-3 is considered an
acceptable “simulant for ISRU studies” (He, 2010).

Figure 4.2: Grain size distribution for GRC-3 depicted by black line with squared markers
(source: He et al., 2013).
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4.4 F-75 Fine Silica Sand
F-75 sand, manufactured by U.S. Silica in Ottawa, IL, consist of fine and rounded
natural quartz grains (US Silica, 1997). The sand has a uniform gradation ranging from
53 to 425 microns, depicted in Figure 4.3 (US Silica, 1997). This sand was used due to
its uniformity, large availability, and minimal dustiness when handled.

Figure 4.3: Grain size distribution for F-75 sand (source: US Silica, 1997).

4.5 Generic Play sand
Generic play sand was used to explore several methods to induce cohesion. The
play sand (brand Quikrete) was obtained from a local hardware store, and is mostly subangular crystalline silica (Sil Industrial Minerals, n.d.). Table 4.3 reports the chemical
composition of play sand by mean percent weight (Sil Industrial Minerals, n.d.). The bulk
density of the play sand ranges from 1.474 g/cm3 when aerated to 1.602 g/cm3 when
compacted (Sil Industrial Minerals, n.d.). Figure 4.4 depicts the typical grain size
distribution of play sand (Sil Industrial Minerals, n.d.).
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Table 4.3: Mineral composition of play sand. Adapted from Sil Industrial Minerals.

Mineral

Chemical Formula

Silicon dioxide

SiO2

Mean Percent by
Weight
92.30

Aluminum oxide

Al2O3

4.42

Calcium oxide

CaO

1.09

Iron oxide

Fe2O3

0.90

Sodium oxide

Na2O

0.86

Potassium oxide

K2O

0.68

Organic matter

O.M.

0.54

Magnesium oxide

MgO

0.24

Phosphorus

P2O2

0.08

Titanium dioxide

TiO2

0.08

Sulphur

SO3

0.07

Manganese

MnO

0.02
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Grain Size (mm)
Figure 4.4: Typical grain size distribution for play sand. Adapted from Sil Industrial Minerals.
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4.6 Glass Beads
The use of glass beads was solely to observe the interparticle bonds formed by
the addition of PDMS to dry media. Glass beads are smooth, spherical, and clear inside,
and thus provide a uniform surface to easily analyze the inter-particle bonds formed by
additives. Fine to coarse glass beads manufactured by Potters Canada, and with grain size
between 90 and 425 microns were used for this purpose.
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CHAPTER 5: LABORATORY METHODS EXPLORED TO INDUCE
COHESION IN DRY GRANULAR MEDIA
5.1 Introduction
Several methods to induce cohesion in dry sand were investigated including sand
mixed with PDMS, PVA, sugar-water, nanocellulose fibers (CNF), agar, nanoscale zerovalent iron (nZVI), polymeric sand, adhesive spray, CSP, and surface modification using
a plasma gun. These methods ranged from a quick application process to more involved
procedures lasting five days. Each method was assessed for advantages and
disadvantages, and the most promising methods were tested at different compositions to
measure the corresponding levels of cohesion (Chapter 7). Sugar-water, polymeric sand,
CNF, agar, nZVI, adhesive spray, and surface modification were discontinued due to one
or more scalability and accessibility concerns.
5.2 Methods Explored
5.2.1 Sand Mixed with Sugar-water
The first method explored was to induce cohesion in dry sand by saturating the
sand with different concentrations of sugar-water and allowing the water to evaporate.
This would form crystal bonds between the sand grains, with varying crystal amounts or
sizes depending on the sugar concentration. Thus, the hypothesis was that with increasing
sugar concentration, the sand cohesion would increase. Accordingly, mix specimens
were prepared by diluting specific amounts of sugar in warm water and saturating a
generic play sand using a compaction mold-permeameter apparatus. The permeameter
was 10 cm in diameter and 16.5 cm tall. The sugar-water was allowed to flow by pressure
56

gradient until the specimen was fully saturated. For the sugar-crystal bonds to form
between the sand grains, the specimen was allowed to air dry over a period of 3 days.
However, after creating specimens with different concentrations of sugar, it was
determined that if left exposed, the specimens could attract critters and grow bacteria.
Also, these specimens exhibited efflorescence, meaning that the sugar crystallized on the
specimen’s surface (Soulie, Youssoufi, Delenne, & Saix, 2007). Moreover, the drying
process was time consuming, even when supplying the sample with an air stream for a
period of 24 hours. Thus, saturating and drying the large sand bins at the terramechanics
facility at NASA GRC or elsewhere would be labor-intensive and impractical. Lastly,
due to the large scale of the sand boxes, a method to induce cohesion indefinitely was
considered preferable. The bonds formed by sugar crystals break after handling the
specimen, which would require washing the sand before it can be saturated again with
other sugar-water mixes. As the sand-sugar mixtures do not provide a constant level of
cohesion, this method was not pursued further.
5.2.2 Sand Mixed with Nanocellulose Fibers
The use of CNF in gel form was appealing because of its ease of application, high
strength, and biodegradable nature. The CNF was obtained from the University of Maine
in a gel form. CNF specimens were prepared by mixing varying percentage weights of
CNF with play sand and allowing the gel to dry over a period of 24 hours. The specimen
size matched the direct shear rings, 6.4 cm in diameter and 3.9 cm tall. Figure 5.1 shows
a play sand with CNF specimen after the drying period was completed and after testing.
Similar to the play sand-sugar specimens, the bonds formed by CNF break after testing.
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This in turn would deem the specimen processing less practical for NASA’s purposes as
it would divert time and energy from experimentation with the rovers and excavators.
For these reasons, the use of CNF was discontinued.

Figure 5.1: Play sand-CNF specimens, to the left, after a direct shear test exhibiting cementation,
and, to the right, after removing the specimen from the device depicting the crumbled specimen.

5.2.3 Sand Mixed with Polymeric Sand
Polymeric sand is a fine sand that contains a binding agent, which is activated by
the addition of water. The polymeric sand is commonly used to fill the gaps between
landscaping pavers (e.g. patios) making it an affordable and accessible option for this
research. The expectation with polymeric sand was that once the bonds broke, these could
be restored by re-saturating the mixture. The polymeric sand was from the brand Sakrete,
and was obtained from a local hardware store. The play sand specimens mixed with
polymeric sand, Figure 5.2, were prepared by mixing varying percentage weights of
polymeric sand with play sand, saturating the specimens with water, and then allowing
the specimens to dry and harden over a period of 3 days.
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Figure 5.2: Play sand mixed with 5% polymeric sand by weight.

The specimens included polymeric sand at percentage weights of 1, 2, 5, and
10%. As expected, the polymeric sand cemented all specimens. Nonetheless, once the
specimens were disturbed, the bonds broke and were not regenerated after saturating the
specimen for the second time. In addition, similar to the sugar-water saturated sand
specimens, the specimens with polymeric sand appeared to exhibit some efflorescence,
where the top layer hardened more than the rest of the specimen. For these reasons, the
use of polymeric sand was discontinued.
5.2.4 Sand Mixed with Agar Gel
Agar comes in a powder form, and is derived from algae. The process to produce
agar gel is easy, affordable, and environmentally conscious. To produce the gel, 40 g of
agar was dissolved in 1 liter of boiling distilled water. As the mixture is allowed to cool
down to room temperature, it forms into a gel. Specimens of F-75 sand with 0.5, 1, 2, 3,
4, and 5% agar solutions by weight were prepared by hand mixing the gel with the sand.
The specimens were then allowed to sit over a period of 24 hours at room temperature.
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The specimens were prepared in containers that were 7.5 cm squared and 3 cm tall. Figure
5.3 shows photographs of some F-75 sand-agar specimens.

5.0%

4.0%

3.0%

0.5%

2.0%

1.0%

Figure 5.3: F-75 sand mixed with agar gel at specified concentrations by weight.

Unfortunately, the F-75 sand-agar specimens exhibited some of the same issues
as the play sand-sugar and play sand-CNF specimens. Bacteria grows quickly on agar at
room temperature, which could pose some sanitation concerns if large test bins
containing this soil are to be constructed. In addition, the gel does not remain soft, but
dries, and hence, the bonds formed by the agar are only temporary. Because of these
limitations, this method was discontinued.
5.2.5 Sand Mixed with Zero-Valent Iron
nZVI is the elemental form of iron and was prepared in the laboratory. In the
nano-scale form, nZVI has a large surface area and contact points and even with small
amounts of nZVI added to sand could possibly induce cohesion. In addition, iron is found
in both, lunar and Martian regoliths, deeming this method favorable if it induced desired
levels of cohesion.
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The nZVI was produced by steeping 2 g of green tea in 1 liter of boiling distilled
water in a large flask. The solution was then filtered using 0.45 micron HVLP filters, and
the container with the filtered solution was covered with tin foil. In a different flask
covered with parafilm, nitrogen gas was supplied to deplete the oxygen from 900 mL of
distilled water for 30 minutes. Subsequently, 5 g of ferrous sulfate heptahydrate was
added through a corner of the parafilm, and stirred using a stir bar until the powder
completely dissolved. The green tea solution was then added slowly to the ferrous sulfate
solution and stirred for 15 minutes. The solution was covered and stored in a refrigerator
overnight. If the solution turned red, it was unusable. The solution was finally dried in a
vacuum drier to evaporate the liquid, and about 5 g of nZVI was obtained. The 5 g of
nZVI were then mixed with 100 g of F-75 sand.
Even though nZVI can be produced using low-cost materials, the process is timeconsuming, and only small amounts of nZVI can be produced at a time. In addition, the
green tea coating degrades over a period of 3 to 4 months, exposing the nZVI to oxidation
and altering the state of the created specimens. For these reasons, the use of nZVI was
discontinued, though this might be a viable option if large amounts of nZVI can be
obtained at an affordable cost.
5.2.6 Sand Mixed with Adhesive Spray
Two types of fabric adhesive sprays were added to F-75 sand, Ryonet Spider Web
Spray and Spray N Bond Basting Adhesive Spray. It was difficult to apply the adhesives
evenly to sand, and did not provide different levels of cohesion. It was also difficult to
quantify the amount of spray mixed in the sand. Consequently, this method was
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considered unsuitable for the project objectives. Figure 5.4 includes photographs of F-75
sand specimens with Ryonet Spider Web adhesive spray.

Figure 5.4: F-75 sand mixed with Ryonet Spider Web adhesive spray.

5.2.7 Surface Modification of Sand using a Plasma Gun
Surface modification using a plasma gun charges sand grains as depicted in
Figure 5.5. For these trials, 500 g of F75 sand were used. This process is reversible,
temporary, and does not alter the chemical composition of the media. However,
modifying the surface of all the grains was restrictive due to the size of the plasma gun.
If a method to easily modify the surface of all the grains is available, this method could
be feasible. Nevertheless, altering the charge of sand particles’ surface might lead to
undesired interactions with the rover and excavator surfaces, especially in the presence
of opposite static charges. For these reasons, surface modification using a plasma gun
was not pursued further as a method to induce cohesion.
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Figure 5.5: To the left, surface modification process using a plasma gun. To the right, clustered F75 sand grains after bombarding specimen with plasma gun.

5.1.8 Kinetic Sand
Kinetic sand is often used as a sensory play material for children in educational
modules because of its moldable properties, which presumably remain indefinitely
(Brookstone, n.d.). Kinetic sand is composed of 98% clean sand coated with 2% polymer
by weight (Brookstone, n.d.). The polymer that makes the sand cohesive is PDMS, also
called dimethicone (Ross, 2013). PDMS is a polymeric organosilicon, or in other words
a viscoelastic silicone oil with the general formula (C2H6OSi)n, Figure 5.6 (Ross, 2013).
PDMS is a clear, stable, non-hazardous, and hydrophobic fluid with viscosities ranging
from super low, 0.65 cSt, to super high, one million cSt (Clearco Products, Inc., 2016;
Dow Corning, n.d.; MakingCosmetics, 2012). PDMS is widely used in industrial,
consumer, personal care, cosmetic, food, and pharmaceutical products, such as an antifoaming agent, or for shampoos and silly putty (Ross, 2013).
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Figure 5.6: Kinetic Sand to the left, and PDMS chemical structure to the right (soruce: Widener,
2015).

Several granular media specimens were prepared using PDMS. Figure 5.7 shows
a direct shear test specimen of F-75 sand coated with PDMS. The PDMS specimens
varied by PDMS percent weight and viscosity as summarized in Table 5.1. The granular
media used include F-75 sand, fine to coarse glass beads, and GRC-3. In order to provide
different levels of cohesion, the percent weight of PDMS used ranged from 0.0% to 2.0%,
and the viscosity from 500 to 100,000 cSt. Due to its inert and non-biodegradable nature,
PDMS can potentially result in steady cohesion conditions regardless of use.

Figure 5.7: F-75 sand specimen with 2% of 500 cSt PDMS by weight after a direct shear test.
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Table 5.1: PDMS mix designs.

a

PDMS Content
(% weight)

Viscosity
(cSt)

Methanol
(%)a

DCM
(%)a

0.5

500

100

0

1.0

1,000

50

50

1.5

10,000

50

50

2.0

100,000

0

100

Methanol and DCM percentages vary according to the viscosity of the PDMS.

Prior to adding the PDMS solution, the media was dried in the oven overnight at
130ºC to remove any excess moisture. The PDMS was dissolved in methanol and
dichloromethane (DCM) using a magnetic mixer, and then mixed with the granular media
using a heavy-duty mixer. The proportion of methanol to DCM varied depending on the
PDMS viscosity; higher viscosity fluids required more DCM and less methanol. The
solvents were used to facilitate even mixing of the viscous fluid and the granular media,
and were allowed to volatize over a period of 24 hours. The specimens were then dried
for 4 hours at 98ºC and tested once they reached room temperature.
The inter-particle bonds formed by the addition of PDMS to the dry media were
analyzed using an enhanced Darkfield transmission optical microscope (Olympus BX41)
at a 60x magnification. Figure 5.8 shows the bonds formed between the glass beads, and
Figure 5.9 shows the bonds formed in the F-75 sand. As depicted in Figures 5.8 and 5.9,
the silicone oil forms a liquid capillary bridge similar to the ones formed by water. On
the other hand, the PDMS did not coat the GRC-3 grains due to the fine particle size as
seen in Figure 5.10. Therefore, the use of GRC-3 with PDMS was discontinued. The
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images for the GRC-3 specimens coated with PDMS were taken using a scanning
electron microscope (JEOL 6060) in order to better analyze the small grains.

Figure 5.8: To the left, clean glass beads, and to the right glass beads coated with 500 cSt PDMS.

Figure 5.9: To the left, clean F-75 sand, and to the right F-75 sand coated with 500 cSt PDMS.
Capillary bridges circled in red.

Figure 5.10: To the left, clean GRC-3, and to the right GRC-3 coated with 500 cSt PDMS.
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5.2.9 Sand Mixed with Polyvinyl Acetate
Several specimens were prepared using PVA 145,000 MW (mowiol 28-99) and
F-75 sand. PVA is a rubbery and synthetic polymer that was obtained from Sigma
Aldrich. The PVA specimens varied by PVA percent weight and concentration as
summarized in Table 5.2. In order to provide different levels of cohesion, the percent
mass of dry PVA used ranged from 0.0% to 10.7%, and the solution concentration from
5% to 15%. For the 5% solutions, 12.5 g of PVA were dissolved in 250 mL of distilled
water in 500 mL round glass flasks. The flasks were placed over a hot oil bath at a
controlled temperature and mixed with a magnetic mixer for a period of 2 hours. The
procedure for the 15% solution was the same, but instead of 12.5 g, 37.5 g of PVA were
dissolved in distilled water over a period of 4 hours.
Table 5.2: F-75 sand and PVA mix designs.

Solution
Concentration (%)

PVA dry mass
(g)

F-75 Sand mass
(g)

PVA Content
(% mass)

5

12.5

300

4.17

5

25

1758

1.4

15

37.5

350

10.7

Once all the PVA dissolved, the solutions were placed in large beakers, and F-75
sand was added to the solution while stirring. The sand was added until no solution
layered over the specimen’s top. The mixtures were placed in plastic containers and in a
freezer overnight. The specimens were then placed in a lyophilizer to remove the
moisture for a period of 3 to 4 days, and crushed into granular media with a mortar, as
depicted in Figure 5.11. The specimen containing 10.7% of PVA by mass could not be
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crushed due to the high content of polymer; instead of crumbling, this specimen flattened.
Therefore, this specimen was excluded from further testing. The use of PVA results in a
mix that is dry to the touch, and can potentially provide permanent levels of cohesion
due to its inert and not-readily biodegradable nature.

Figure 5.11: Dry F-75 sand with PVA mixture at 1.4% by mass. To the left, consolidated specimen
after drying, and to the right, crushed specimen.

5.2.10 Sand Mixed with Crystalline Silica Powder
The CSP obtained from S3 Stores Inc. is sourced from a quartz quarry in Mill
Creek, Oklahoma. It contains 99.4% silicone dioxide, and has a median particle size of
1.6 µm. The compacted bulk density of CSP is 0.66 g/cm3, and without any compaction
it is 0.58 g/cm3 (Natural Pigments, 2015). A total of seven specimen proportions of CSP
and F-75 sand, summarized in Table 5.3, were prepared. Mixing was done manually to
ensure uniform mixing prior to each test. In addition, minimum and maximum dry
density tests were conducted for each CSP and F-75 sand mixture according to Japanese
Standard JSF T 161-1990, described in Appendix 10.5. The average dry density (ρ) out
of three tests are reported in Table 5.3, and illustrated in Figure 5.12.
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Table 5.3: Specimen proportions for F-75 sand and crystalline silica mixtures with corresponding
average maximum and minimum densities.

Specimen
No.
1

F-75 Sand
(%)
50

Crystalline
Silica (%)
50

Average ρmax
(g/cm3)
1.289

Average ρmin
(g/cm3)
0.773

2

60

40

1.457

0.879

3

70

30

1.607

0.935

4

80

20

1.808

1.070

5

90

10

1.794

1.248

6

95

5

1.833

1.388

7

100

0

1.821

1.515

2
1.8
1.6

Density (g/cm3)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0-100

5-95

10-90

20-80

30-70

40-60

50-50

CSP to F-75 Sand Ratio
Figure 5.12: Lower black line represents the minimum densities measured for seven CSP and F-75
sand mixtures, and upper black line represents the maximum densities for the same specimens.
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The use of CSP results in a dry mix, does not alter the chemical composition of
the sand, and can potentially provide permanent levels of cohesion due to its inert nature.
Figure 5.13 depicts two different sand-CSP mixtures. Nonetheless, the specimens
containing a higher percentage by mass of CSP might not have a desirable consistency
for large scale testing at the terramechanics facility. These specimens exhibit powderlike behaviors, such as clumping and resuspension when disturbed. Furthermore, the
specimens with a higher CSP content might not be representative of the media
encountered on Mars or the Moon.

Figure 5.13: To the left, F-75 sand mixed with 10% CSP by weight. To the right, F-75 sand mixed
with 50% CSP by weight.

5.3 Advantages and Limitations of the Methods Explored
From the ten methods explored, the addition of PDMS, PVA, and CSP exhibited
promise in inducing cohesion in large quantities of granular media. When conducting a
simple cost analysis to compare the production of 40 tons of sand mixed with PDMS,
PVA, and crystalline silica, crystalline silica and PDMS are the most cost effective
options, whereas the use of PVA is economically prohibitive. The application of PDMS
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with a viscosity below 1,000 cSt to sand would cost approximately $25,000 to $33,000
based on the content by percent mass of PDMS. These values represent the lowest cost
to add PDMS. The addition of CSP would approximately cost from $10,000 to $100,000,
based on the lowest ratio of CSP to the highest. Therefore, the addition of low amounts
of CSP is economically feasible (up to a 10% by mass), but quickly increases as the ratio
of CSP increases. Finally, the addition of PVA would cost between $60,000 to $300,500,
based on dry mass percent ranging from 1% to 5% of PVA. In addition, the production
of sand coated with PVA takes approximately 5 days, increasing the cost of labor when
compared to 2 days for the production of sand with PDMS, and less than a few hours for
the production of sand with CSP. All of these estimates are based on the cost of products
purchased for this research (and when available bulk prices), and thus might significantly
decrease according to the availability of bulk pricing for the products used. Table 5.4
summarizes the advantages and limitations to each laboratory method.
Table 5.4: Advantages and limitations of selected laboratory methods.

Sand with PDMS

Sand with Crystalline Silica
Advantages
Permanent
Permanent
Dry mixture
Relatively easy to make
Cost effective at low content
Cost-effective
No chemical hazard
No hazard

Quick and simple

Sand with PVA
Permanent
Dry mixture
No hazard

Disadvantages
Oily residue
Viscous behavior
Messy process
Low cohesion values

Cost increases quickly

Prohibitive cost

Powder-like behavior
Dusty

Time consuming
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5.4 Future Research Possibilities
Future research possibilities to induce cohesion in dry sand include 3-D printed
interlocking particles, such as those modeled by Harkness (2009) depicted in Figure 5.14
(Harkness, 2009). Another method could be coating particles with or recreating pollenlike structures. For instance, Goodwin et al. (2013) converted sunflower pollen into iron
oxide replicas to increase the adhesion of the particles, and Song et al. (2016) modified
the surface of nanosilica to fabricate “mesoporous silica nanospheres with rough
surfaces,” or nanopollens (Goodwin, Gomez, Fang, Meredith, & Sandhage, 2013; Song,
et al., 2016). Figure 5.15 depicts the pollen-like particles. Surface modification can be
induced by using chemicals such as silanes, or by bombarding the surface with a plasma
gun to alter the electrical charge.

Figure 5.14: Interlocking particles modeled by Harkness (2009).
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Figure 5.15: Above, coated pollen grains by Goodwin et al. (2013), below, surface modified silica by
Song et al. (2016).

Finally, mix designs with highly cohesive powders (anatase, rutile, other TiO2
powders), or with nano-fibers could potentially induce cohesion in granular media. Turki
and Fatah (2008) used an annular shearing cell to measure the cohesion of anatase, rutile
1, and rutile 2 powders. They found that anatase, and rutile 1 and 2 had cohesion values
around 12, 5 and 10 kPa, respectively (Turki & Fatah, 2008, p. 705). A small amount of
powders like these have the potential to increase the cohesion when mixed with granular
soils. However, these specific powder were not studied due to their hazard identifications.
The addition of fibers, such as polypropylene, glass, and palm fibers, to granular media
have shown some promise in increasing the cohesion and shear strength of dry granular
media and could be studied further (Hejazi, Sheikhzadeh, Abtahi, & Zadhoush, 2012).
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CHAPTER 6: COHESION MEASUREMENTS OF LUNAR SIMULANTS
6.1 Introduction
Simple methods to measure the cohesion and tensile strength of JSC-1A and
GRC-3 without any additives were explored in order to compare the results to one
another and to the published literature. The tests performed included direct shear, simple
direct shear, vertical cut, and split box tests. To validate a reliable and accessible testing
procedure to measure regolith cohesion and identify sources of variation, simple direct
shear, vertical cut, and split box tests were repeated at least three times for one media at
a specific density. Tests were conducted at two specimen densities – medium dense and
dense. The specimens were compacted by tamping each layer with the corresponding
tamping device (described in Chapter 3), until the target height for each test was obtained
for the desired density.
6.2 Testing Procedures
6.2.1 Direct Shear Test
Consolidated-drained tests on dry specimens were completed for each specimen
under 15, 30, 45, 65, and 85 kPa normal stresses at two densities. The two relative
densities for the JSC-1A specimens were 72% and 45% (corresponding to dry densities
of 1.86 g/cm3 and 1.73 g/cm3, respectively). Whereas, the two relative densities for the
GRC-3 specimens were 78% and 49% (corresponding to dry densities of 1.83 g/cm3 and
1.70 g/cm3, respectively). The results for each specimen were used to plot the shear stress
versus shear displacement and vertical displacement versus shear displacement curves
for all normal loads. In addition, the failure envelopes for each specimen were plotted in
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order to estimate the corresponding cohesion and friction angle parameters, following
Equation 1.1. If the results were erratic for a given normal stress, the test was repeated.
In addition, tests that did not fit the linear model of the failure envelope were conducted
more than once in order to establish repeatability. Erratic results are expected to be result
of soil grains getting caught between the specimen rings adding friction and/or normal
load not being applied truly vertically.
6.2.2 Simple Direct Shear Test
Due to time restrictions, simple direct shear tests were conducted only for JSC1A and GRC-3 at high densities, 72% and 78% relative density, respectively. Tests were
conducted under normal loads of 1, 2, 5, 8, 10, and 12 kPa. In order to establish
repeatability, three tests were conducted for each normal stress. The specimens were
sheared for a horizontal displacement of about 5 mm. The shear stress was plotted against
the shear displacement, and the peak shear stresses against the corresponding normal
stresses to estimate the cohesion and friction angle parameters for each specimen.
6.2.3 Vertical Cut Test
A total of 5 tests were completed for GRC-3 at a 78% relative density. In order
to achieve this density, each layer was compacted using the rectangular tamper seen in
Figure 3.6, and dropping the mass twice at each spot. After inserting the blade in the
specimen, the blade was slowly and carefully pushed in one direction to create the
vertical cut. The procedure was repeated, increasing the depth of the cut 3mm at a time,
until the vertical wall collapsed. The collapsing height was recorded as the critical height,
and the corresponding cohesion values were calculated using Equation 1.2.
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6.2.4 Split Box Test
Split box tests were conducted on JSC-1A at 62, 72, and 85% relative densities,
as well as on GRC-3 at 67% relative density. A total of 6, 7, and 4 tests were conducted
on the 62, 72, and 85% relative density JSC-1A specimens, respectively. A total of 3 tests
were conducted on GRC-3. The desired densities were achieved using the tamping device
in Figure 3.11. The height of all specimens was maintained at approximately 10 cm. The
tensile strength of each specimen was then calculated following Equation 3.3.
6.3 Results and Discussion
6.3.1 Direct Shear Tests
6.3.1.1 JSC-1A
A total of 9 and 16 direct shear tests were conducted for the JSC-1A specimens
at relative densities of 72% and 45%, respectively. None of the direct shear tests for the
dense JSC-1A were eliminated, but 5 tests were excluded for the medium dense JSC-1A
specimens. Figures 6.1 and 6.2 show the shear stress and normal displacement versus the
shear displacement plots. Four of the tests exhibited an abnormal behavior in the shear
stress versus displacement curves. These included tests under normal stresses of 30, 45,
and 85 kPa. An additional test under 45 kPa normal stress exhibited a flat line in the shear
versus normal displacement curve, indicating that there was an error in this test.
Moreover, all the test results for a normal stress of 85 kPa were excluded for the medium
dense JSC-1A specimens, since the results were outliers. Figure 6.3 presents the peak
failure envelopes for both relative density JSC-1A specimens after erroneous data were
eliminated.
76

120

(a)

100

Shear Stress, τ (kPa)

80

60

40

20

0
0

2

4

6

8

10

12

Shear Displacement (mm)
σ = 15 kPa (T1)
σ = 30 kPa (T2)
σ = 45 kPa (T3)

σ = 15 kPa (T2)
σ = 45 kPa (T1)
σ = 65 kPa

σ = 30 kPa (T1)
σ = 45 kPa (T2)
σ = 85 kPa

-0.7

(b)

Normal Displacement (mm)

-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0

2

4

6

8

10

12

Shear Displacement (mm)
Figure 6.1: Direct shear test results for dense JSC-1A specimens, Dr = 72%, where a) shear
displacement vs. shear stress, and b) shear displacement vs. normal displacement.
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Figure 6.2: Direct shear test results for medium dense JSC-1A specimens, Dr = 45%, where a)
shear displacement vs. shear stress, and b) shear displacement vs. normal displacement.
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Figure 6.3: Peak failure envelopes for JSC-1A specimens at two relative densities, 45% and 72%,
after eliminating erroneous data.

Based on the peak failure envelopes, Figure 6.3, the peak cohesion and internal
friction angle parameters of JSC-1A for 72% and 45% relative densities are 8.0 kPa and
51.5º, and 6.0 kPa and 41.6º, respectively. As depicted in the same figure, the failure
envelopes become increasingly convergent as the normal stress decreases, portraying the
difficulty to accurately measure low levels of cohesion using the direct shear device.
Furthermore, most of the shear stress versus displacement curves for the 72% relative
density specimens showed a sharp increase leading to the peak stress followed by a
significant softening, which then flattens to a nearly constant ultimate stress (Figure
6.1a). On the other hand, the curves for the 45% relative density specimens under normal
stresses between 15 kPa and 65 kPa (Figure 6.2a) exhibit a gradual peak and softening.
The ultimate stress remains almost constant for the specimens under 15 and 30 kPa
normal stress, but slightly increases for the specimens under 45 and 65 kPa normal stress.
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This could result from media being pushed in between the shearing plates as the top shear
plate shifts laterally, thus increasing the friction between the two plates.
When comparing the peak values and the shape of the curves for the stress and
displacement versus strain plots with the results from Iai and Luna (2011), the test results
are in agreement for both relative densities (p. 436 – 437). The peak cohesion values
were higher than those predicted by Iai and Luna (2011), whereas the friction angles were
lower. For their dense specimens (Dr = 68–72%), Iai and Luna got a peak cohesion of
5.6 kPa and a friction angle of 52.8º, and for the medium dense specimens (Dr = 43–
51%) they got 0.8 kPa, and 46.2º (p.438). This discrepancy is likely due to the fact that
direct shear tests cannot accurately measure small values of cohesion. Similar to the
results by Iai and Luna (2011), the normal displacement curves exhibited none to little
compression for both relative density specimens, and were mainly dilative (Iai & Luna,
2011, pp. 436 - 437).
6.3.1.2 GRC-3
A total of seven direct shear tests were conducted for both GRC-3 relative density
specimens. Figures 6.4 and 6.5 show the shear stress and normal displacement versus
shear displacement plots. One of the tests under 85 kPa normal stress for the medium
dense specimen resulted in an abnormal shear stress versus displacement curve, and thus
was eliminated from further analysis. Figure 6.6 illustrates the peak failure envelopes for
GRC-3 at each relative density.
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Figure 6.4: Direct shear test results for GRC-3 specimens at a relative density of 78%, where a)
shear displacement vs. shear stress, and b) shear displacement vs. normal displacement.
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Figure 6.5: Direct shear test results for GRC-3 specimens at a relative density of 49%, where a)
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Figure 6.6: Peak failure envelopes for GRC-3 specimens at two relative densities, 49% and 78%,
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Based on the peak failure envelopes, Figure 6.6, the peak cohesion and internal
friction angle parameters for the 78% and 49% relative density specimens are 6.0 kPa
and 43.7º, and 8.3 kPa and 40.1º, respectively. It is somewhat unexpected that the lower
density specimen had a higher cohesion value compared to the higher density specimen,
and this is likely due to a deficiency in testing sensitivity to reliably measure small
cohesion values. Similar to the dense JSC-1A specimens, most of the shear stress versus
displacement curves for the 78% relative density GRC-3 specimens show a sharper
increase before the peak stress followed by a pronounces softening (Figure 6.4a) than the
curves for the 49% relative density specimen (Figure 6.5a). In both cases, the curves then
flatten to a nearly constant ultimate stress for the specimens under 15 and 65 kPa normal
stresses, but slightly increases for the specimens with 85 kPa normal stress. This could
result from media being pushed in between the shearing plates as the top shear plate shifts
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laterally, thus increasing the friction between the two plates. In the same way as the JSC1A specimens, the normal displacement curves exhibited none to little compression for
both relative density specimens, as depicted in Figure 6.4b and 6.5b. However, the
medium density specimens initially showed a slightly higher compression,
approximately 0.05 mm, compared to the dense specimens, which initially approached
0.02 mm.
6.3.2 Simple Direct Shear Tests
6.3.2.1 JSC-1A
A total of 7 simple direct shear tests were conducted for the dense JSC-1A
specimen. However, for tests conducted under normal loads exceeding 8 kPa, the string
connecting the load cell and the top shear ring stretches. Therefore, the peak shear stress
was not reached for the 10 and 12 kPa specimens, and these tests were excluded from the
analysis. Figure 6.5 shows the shear stress versus the shear displacement for tests under
all normal loads. Figure 6.6 shows the failure envelope for the simple direct shear test
results along with the 9 direct shear test results for JSC-1A at the same relative density.
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Figure 6.7: Shear stress versus shear displacement curves for JSC-1A 72% relative density from
the simple direct shear test.
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As depicted in Figure 6.8, including the results from the simple direct shear tests
conducted at small normal stresses in the peak failure envelope from the direct shear tests
(Figure 6.3), significantly lowered the cohesion parameter for the 72% relative density
JSC-1A specimen. The cohesion parameter decreased from 8.0 to 1.9 kPa, whereas the
friction angle increased from 51.5 to 53.9º. Different from the direct shear results (Figure
6.1a), the shear stress versus horizontal displacement curves in Figure 6.7 follow a
gradual increase, as well as a gradual decrease after reaching the peak stresses. However,
additional simple direct shear tests are required for conclusive results.
6.3.2.2 GRC-3
A total of 11 simple direct shear tests were conducted for the dense GRC-3
specimen. However, for tests conducted under normal loads exceeding 8 kPa, the string
connecting the load cell and the top shear ring stretches. Therefore, the shear
displacement could not be accurately accounted for. Figure 6.9 shows the shear stress
versus the shear displacement for tests under all normal loads. Figure 6.10 shows the
failure envelope for the simple direct shear test results along with the 7 direct shear test
results for GRC-3 at the same relative density.
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Figure 6.9: Shear stress versus shear displacement curves for GRC-3, 78% relative density, from
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As depicted in Figure 6.10, including the results from the simple direct shear tests
conducted at small normal stresses in the peak failure envelope from the direct shear tests
(Figure 6.6), significantly lowered the cohesion parameter for the 78% relative density
GRC-3 specimen. The cohesion parameter decreased from 6.0 to essentially 0.0 kPa,
whereas the friction angle decreased from 43.7 to 46.6º. Different from the direct shear
results (Figure 6.4a), the shear stress versus horizontal displacement curves in Figure 6.9
follow a gradual increase, as well as a gradual decrease after reaching the peak stresses.
However, additional simple direct shear tests are required for conclusive results.
6.3.3 Vertical Cut Tests
All five vertical cut tests for GRC-3 at a relative density of 78% failed at the same
critical height of 9 mm, as depicted in Figure 6.11. According to Equation 1.2, this results
in a cohesion parameter of 0.08 kPa. The real cohesion value might be smaller than 0.08
kPa, since the blade could only be lowered at 3mm increments, and hence, the specimen
could have failed somewhere in between 6 mm and 9 mm. In addition, the vertical wall
is uneven (evident on the right end of the figure) as a result of specimen disturbance as
described in Section 3.2.3. Regardless, GRC-3 is expected to have negligible cohesion,
and 0.08 kPa is a minor amount of cohesion.

Figure 6.11: Critical height of 9 mm for GRC-3 specimen at a relative density of 78%.
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6.3.4 Split Box Tests
The average tensile strength parameters for each JSC-1A and GRC-3 specimen
are identified in Table 6.1 along with the number of tests conducted for each specimen.
All three split box tests on GRC-3 split as soon as the latch clamps were released,
indicating that GRC-3 has negligible tensile strength. The tensile strength values for all
the tests conducted on JSC-1A are reported in Figure 6.12. In addition, Figures 6.13 and
6.14 depict the failure surface for both simulants.
Table 6.1: Average tensile strength parameters for all JSC-1A specimens.

Relative
Density (%)
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Average Tensile
Strength (kPa)
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Figure 6.12: Tensile strength values derived from split box tests on JSC-1A specimens at three
different relative densities.
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When examining the average tensile strength parameters in Table 6.1, it appears
as if there was a trend of increasing tensile strength as the relative density of JSC-1A
increases. Nevertheless, as depicted in Figure 6.12, the results for each relative density
are considerably spread out. Consequently, reliable tensile strength parameters cannot be
established for the JSC-1A specimens using the split box test. The variability is likely
due to dirt interfering with the ball bearing system, and the need for four sets of ball
bearings to remain aligned relative to the guide rails. Both of these conditions increase
and alter the friction of the system itself, which was evident by the inconsistent friction
value measured at the beginning of each test with the empty container. Furthermore,
when comparing the tensile strength values derived for the 62% and 85% relative density
specimens, these are much lower than the results reported by Arslan et al. (2010). They
conducted split box tests on JSC-1A specimens at relative densities of 62% and 85% and
estimated corresponding average tensile strength values of 1.34 kPa and 2.00 kPa,
respectively (Arslan, Batiste, & Sture, 2010, p. 80). The maximum values for the two
relative densities in Figure 6.13 (0.18 and 0.33 kPa) are over 80% different from the
values reported by Arslan, et al. (2010). This further supports that the split box test
apparatus may not have performed as desired, although the exact cause(s) remains
unknown.
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Figure 6.13: JSC-1A splitting pattern for a relative density of 85% and a specimen height of 10.6
cm.

Figure 6.14: GRC-3 splitting pattern for a relative density of 67% and a specimen height of 10.0 cm.
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Even though reliable tensile strength parameters could not be established for JSC1A, it is evident from the flat failure plane seen in Figure 6.13 that the simulant has some
cohesion. Similarly, even though GRC-3 might have insignificant tensile strength, the
simulant appears to have some cohesion. The GRC-3 specimens were expected to
crumble immediately after the split box opened, but instead the specimens fragmented in
half and maintained a vertical wall after failure as illustrated in Figure 6.14. As described
in Section 2.3, tensile strength and cohesion are not necessarily related, which may be
the case for GRC-3. In the case of JSC-1A, the high angularity of the grains that is
assumed to provide cohesion, likely provides some tensile strength as well. On the other
hand, the physical characteristics of GRC-3 grains likely do not provide much
mechanical interlocking. Therefore, the media properties that appear to add cohesion to
GRC-3 may not add tensile strength to the simulant.
6.4 Conclusions
The cohesion parameter for JSC-1A specimens with a relative density of 72%
was found to be 8.01 based on the direct shear test, and 3.23 kPa when the direct shear
test results were combined with the simple direct shear test results. For the 45% relative
density specimen, the cohesion was found to be 5.99 kPa based on the direct shear test.
The tensile strength for JSC-1A specimens derived from the split box tests were
unreliable. For GRC-3 with a relative density of 78%, the direct shear test indicated a
cohesion value of 5.99 kPa, which approximated zero when combined with the simple
direct shear test results. Similar to the combined shear tests results, the vertical cut test
resulted in a low cohesion value of 0.08 kPa. Surprisingly, the direct shear tests for GRC92

3 at a relative density of 49% resulted in a cohesion parameter of 8.28 kPa, which is
higher than that found for the dense specimen. Finally, the split box tests for GRC-3 at a
relative density of 67% indicated negligible tensile strength, which is expected for dry
granular media.
The four different testing procedures did not provide conclusive results. Even
though each test was not conducted for every soil, the tests that were conducted on more
than one soil at the same density did not produce comparable results. In the case of the
simple direct shear test, further testing is needed to prove that this testing procedure
complements the direct shear test. In addition, a mechanism that provides a constant
displacement, but does not impact the forces acting within the system should be designed
to replace the string that connects the load cell to the top shear ring. Nevertheless, the
simple direct shear test provides a simple and cost effective testing procedure that can be
conducted at low normal loads.
For JSC-1A (presumed to have tensile strength), the results for the split box test
showed great variability as a result of fluctuating friction in the apparatus itself. Clean
and trued ball bearings can potentially minimize the inconsistent split box test results.
Nonetheless, the tensile strength values obtained for JSC-1A still appear to be erratic
when compared to published literature, and the source of this error remains unclear. The
vertical cut tests on GRC-3 did not provide similar cohesion results to the direct shear
test. However, additional tests on other media should be conducted to establish or reject
a correlation among the four testing procedures. Thus, future work should focus on

93

improving the testing techniques, and conducting multiple tests for each specimen at
various density levels using all four devices.
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CHAPTER 7: COHESION MEASUREMENTS OF LABORATORY
SPECIMENS WITH INDUCED COHESION
7.1 Introduction
Simple methods to measure the cohesion and tensile strength of the specimens
prepared in the laboratory were explored in order to compare the results to one another
and to clean sand. The specimens included F-75 sand mixed with varying content by
mass of CSP, PVA, and PDMS. The tests performed included direct shear, simple direct
shear, vertical cut, and split box tests. Tests were conducted at two specimen densities –
medium dense and dense.
7.2 Tests Conducted
7.2.1 Direct Shear Test
Consolidated-drained tests on dry specimens were completed for each laboratory
specimen under 15, 30, 45, 65, and 85 kPa normal stresses. Direct shear tests were
conducted on F-75 sand mixed with CSP at two specimen densities, 1.74 g/cm3 and 1.42
g/cm3. The higher density was conducted for specimens with less than 30% content of
CSP by mass, and the lower density for all specimens except for clean sand. For the F75 specimens mixed with PVA tests were conducted only for a density of 1.42 g/cm 3,
since the higher density of 1.74g/cm3 could not be achieved by manual tamping. For the
F-75 sand mixed with PDMS tests were conducted using two specimen densities,
1.58g/cm3 and 1.72 g/cm3 to match the densities conducted using other testing
procedures. The results for each specimen were used to plot the shear stress and vertical
displacement versus shear displacement curves for all normal loads. In addition, the
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failure envelopes for each specimen were plotted in order to estimate the corresponding
cohesion and friction angle parameters, following Equation 1.1. Erratic results are
expected to be result of soil grains getting caught between the specimen rings adding
friction and/or normal load not being applied truly vertically.
7.2.2 Simple Direct Shear Test
Due to time restrictions, simple direct shear tests were conducted only for F-75
sand mixed with CSP at a ratio of 80 to 20, respectively, and a density of 1.74 g/cm3.
Tests were conducted under normal loads of 1, 2, 5, and 8 kPa. In order to establish
repeatability, three tests were conducted for each normal stress. The specimens were
sheared for a horizontal displacement of about 5 mm. The shear stress was plotted against
the shear displacement, and the peak shear stresses against the corresponding normal
stresses to estimate the cohesion and friction angle parameters for each specimen.
7.2.3 Vertical Cut Test
A total of 3 tests were completed for F-75 sand mixed with 1% by mass of 500
cSt PDMS. The density of the specimen was 1.72 g/cm3. In order to achieve this density,
each layer was compacted using the rectangular tamper seen in Figure 3.6, and dropping
the mass twice at each spot. There was only enough mix to fill one compartment of the
vertical cut box up to a 16 cm height. Since these specimens have good moldable
characteristics, instead of inserting the blade into the specimen at increments of 3mm,
the 2 cm partitions were removed one at a time to create the vertical cut. The procedure
was repeated until either the vertical wall collapsed, or the bottom of the box was reached.
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The collapsing height was recorded as the critical height, and the corresponding cohesion
values were calculated using Equation 1.2.
7.2.4 Split Box Test
Split box tests were conducted on F-75 sand coated with 1% and 2% of 10,000
cSt PDMS, and 1% of 100,000 cSt PDMS. Tests were conducted on specimens with a
density of 1.76 g/cm3, and at two specimen heights, 5.3 and 10.6 cm. A medium-high
density of 1.76 g/cm3 was used to obtain a higher tensile strength value, and because it
lies within the range of lunar regolith density. Two specimen heights were selected to
identify sources of variation in the testing procedure, and two PDMS viscosities and
percent weights were selected to evaluate differences between the mix designs. A total
of 3 tests were conducted for each specimen. The desired densities were achieved using
the tamping device from Figure 3.11.
7.3 Results and Discussion
7.3.1 Direct Shear Tests
7.3.1.1 Crystalline Silica Powder Mixtures
A total of five tests were conducted for each mix ratio of F-75 sand to CSP at
each density. However, the higher density, 1.74 g/cm3, was achieved only for specimens
having a CSP ratio below 30 to 70, and thus direct shear tests for high density specimens
were only conducted for 4 mix designs. Figures 7.1 and 7.14 show the shear stress and
normal displacement versus shear displacement plots, as well as the peak failure
envelopes for each specimen.
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Figure 7.1: Direct shear test results for dense (1.74 g/cm3) 95% F-75 sand and 5% CSP specimens,
where a) shear displacement vs. shear stress, and b) shear displacement vs. normal displacement.
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Figure 7.2: Direct shear test results for medium-dense (1.42 g/cm3) 95% F-75 sand and 5% CSP
specimens, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.3: Peak failure envelopes for 95% F-75 sand and 5% CSP specimens at two densities.
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Figure 7.4: Direct shear test results for dense (1.74 g/cm3) 90% F-75 sand and 10% CSP specimens,
where a) shear displacement vs. shear stress, and b) shear displacement vs. normal displacement.
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Figure 7.5: Direct shear test results for medium-dense (1.42 g/cm3) 90% F-75 sand and 10% CSP
specimens, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.6: Peak failure envelopes for 90% F-75 sand and 10% CSP specimens at two densities.
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Figure 7.7: Direct shear test results for dense (1.74 g/cm3) 80% F-75 sand and 20% CSP specimens,
where a) shear displacement vs. shear stress, and b) shear displacement vs. normal displacement.
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Figure 7.9: Peak failure envelopes for 80% F-75 sand and 20% CSP specimens at two densities.
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Figure 7.10: Direct shear test results for dense (1.74 g/cm3 ) 70% F-75 sand and 30% CSP
specimens, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.11: Direct shear test results for medium-dense (1.42 g/cm3 ) 70% F-75 sand and 30% CSP
specimens, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.12: Peak failure envelopes for 70% F-75 sand and 30% CSP specimens at two densities.
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Figure 7.13: Direct shear test results for 60% F-75 sand and 40% CSP specimens at a density of
1.42 g/cm3, where a) shear displacement vs. shear stress, b) shear displacement vs. normal
displacement, and c) Failure envelope.
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Figure 7.14: Direct shear test results for 50% F-75 sand and 50% CSP specimens at a density of
1.42 g/cm3, where a) shear displacement vs. shear stress, b) shear displacement vs. normal
displacement, and c) failure envelope.
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The cohesion and friction angles determined using direct shear tests for F-75 and
CSP mixtures are summarized in Table 7.1. No trends are evident for the cohesion and
friction angle parameters. This is consistent with the lack of peak failure stress trends in
Figure 7.15. Only the dense specimens tested under a normal stress of 45 kPa show a
decreasing trend. The largest cohesion value measured was 5.19 kPa for the medium
dense 20 – 80 mixture, and the friction angle showed small variance, between 34.2º and
40.4º. However, the friction angle did generally increase with an increase in specimen
density. The cohesion parameter for the dense 30 – 70 mixture resulted in a negative
value of 0.09 kPa, but is assumed to be zero, since cohesion cannot be negative. In
general, the stress-strain curves behaved as expected.
Table 7.1: Summary results for direct shear tests on F-75 and CSP mixtures.

Cohesion (kPa)

Friction Angle (degrees)

CSP to F-75
Sand Ratio by
Mass

1.74 g/cm3

1.42 g/cm3

1.74 g/cm3

1.42 g/cm3

5-95
10-90
20-80
30-70
40-60
50-50

0.5
4.1
4.2
0.0a
─
─

2.1
0.6
5.2
3.6
1.7
5.2

40.4
36.6
35.8
38.3
─
─

36.0
39.9
35.6
36.9
35.9
34.2

a

Computed value is -0.09.
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Figure 7.15: Peak failure stress by F-75 sand to CSP mix ratio for each normal stress, where a)
specimens with a density of 1.74 g/cm3, and b) specimens with a density of 1.42 g/cm3.
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7.3.1.2 PVA Mixtures
A total of five direct shear tests were conducted for each F-75 sand with PVA
mixture at a density of 1.42 g/cm3. A higher density for these laboratory mixtures could
not be achieved by manually tamping the specimen, and thus tests were not conducted at
a density of 1.74 g/cm3. Figures 7.15 and 7.17 show the shear stress and normal
displacement versus shear displacement plots, as well as the failure envelope for both
specimens. Based on the peak failure envelopes, Figure 7.17, the peak cohesion and
internal friction angle parameters for the 1.40% and 4.17% PVA concentration specimens
are 7.99 kPa (8 kPa) and 41.9º, and 5.40 kPa and 37.2º, respectively. In general, the
stress-strain curves behaved as expected.
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Figure 7.16: Direct shear test results for F-75 sand and 1.4% PVA specimen at a density of 1.42
g/cm3, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.17: Direct shear test results for F-75 sand and 4.17% PVA specimens at a density of 1.42
g/cm3, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.18: Peak failure envelopes for sand specimens with two PVA contents (1.42 g/cm3).

7.3.1.3 Sand mixed with PDMS
Direct shear tests were conducted on F-75 specimens coated with 1% and 2%,
500 cSt PDMS, and with 1%, 100,000 cSt PDMS. For the latter, tests were conducted
only for dense specimens (1.72 g/cm3). For each specimen and density, a total of 5 tests
were conducted. Figures 7.18 through 7.24 show the shear stress and normal
displacement versus the shear displacement plots, as well as the failure envelopes for all
specimens.
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Figure 7.19: Direct shear test results for dense (1.72 g/cm3) F-75 sand specimens with 1%, 500 cSt
PDMS, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.20: Direct shear test results for medium-dense (1.58 g/cm3) F-75 sand specimens with 1%,
500 cSt PDMS, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.21: Peak failure envelopes for medium-dense and dense F-75 sand specimens with 1%,
500 cSt PDMS.
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Figure 7.22: Direct shear test results for dense (1.72 g/cm3) F-75 sand specimens with 2%, 500 cSt
PDMS, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.23: Direct shear test results for dense (1.58 g/cm3) F-75 sand specimens with 2%, 500 cSt
PDMS, where a) shear displacement vs. shear stress, and b) shear displacement vs. normal
displacement.
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Figure 7.24: Peak failure envelopes for medium-dense and dense F-75 sand specimens with 2%,
500 cSt PDMS.

123

80

Shear Stress, τ (kPa)

(a)

60

40

20

0
0

2

4

6

8

10

12

Shear Displacement (mm)
σ = 15 kPa

σ = 30 kPa

σ = 65 kPa

σ = 45 kPa

σ = 85 kPa

-0.4

Normal Displacement (mm)

(b)

-0.2
0
0.2
0.4
0.6
0

2

4

6

8

10

12

Shear Displacement (mm)

(c)

90

ρ = 1.72 g/cm3
R2 = 0.98
(c, φ)peak = (2.3 kPa, 31.1°)

Shear Stress, τ (kPa)

75
60
45
30
15
0
0

15

30

45

60

75

90

Normal Stress, σ (kPa)
Figure 7.25: Direct shear test results for dense (1.72 g/cm3) F-75 sand with 1%, 100,000 cSt PDMS,
where a) shear displacement vs. shear stress, b) shear displacement vs. normal displacement, and
c) failure envelope.
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Based on the peak failure envelopes, Figures 7.20, 7.23 and 7.24c, the peak
cohesion and internal friction angle parameters are summarized in Table 7.2 for each mix
design. For the specimen with 1%, 500 cSt PDMS, the cohesion is higher for the dense
specimen compared to the medium dense specimen; but this is the opposite case for the
specimen coated with 2%, 500 cSt PDMS. Furthermore, the cohesion for the specimen
coated with 1%, 100,000 cSt PDMS has a higher cohesion than the values for the
specimens coated with 500 cSt PDMS at the same density. However, this value is also
lower than the cohesion estimated for the medium-dense specimen coated with 2%, 500
cSt PDMS. Therefore, further testing is required to establish a trend; though, the
convergence of the failure envelopes is again evident in Figures 7.20 and 7.23
highlighting the lack of sensitivity of the direct shear test to measure low levels of
cohesion. Regarding the friction angle, the medium dense specimens had lower friction
angles compared to the dense specimens. In general, the stress-strain curves behaved as
expected.
Table 7.2: Direct shear test results for PDMS coated specimens.

Mix Design
(F-75 coated
with: )

1.58 g/cm3

1.72 g/cm3

1.58 g/cm3

1.72 g/cm3

1%, 500 cSt

0.8

1.3

31.7

35.3

2%, 500 cSt

2.5

0.6

28.6

36.1

1%,100,000 cSt

─

2.3

─

31.1

Cohesion (kPa)

Friction Angle (degrees)

7.3.2 Simple Direct Shear Test
A total of 12 simple direct shear tests were conducted for dense (1.74 g/cm3)
specimens with 20% CSP and 80% F-75 by mass. However, for tests conducted under
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normal loads of 8 kPa, the string connecting the load cell and the top shear ring stretches.
Therefore, the shear displacement could not be accurately accounted for. In addition, four
erroneous tests were discarded. Figure 7.26 shows the shear stress versus the shear
displacement for tests under all normal loads. Figure 7.27 shows the failure envelope for
the simple direct shear test results along with the 5 direct shear test results for CSP with
F-75 sand at the same specimen density. As depicted in Figure 7.27, including the results
from the simple direct shear tests conducted at small normal stresses in the peak failure
envelope from the direct shear tests (Figure 7.9), significantly lowered the cohesion
parameter for the dense F-75 with CSP specimen. The cohesion parameter decreased
from 4.2 to 1.0 kPa, whereas the friction angle increased from 35.8 to 37.7º.
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Figure 7.26: Shear stress versus shear displacement curves for 80% F-75 sand and 20% CSP
specimen (1.74 g/cm3), from simple direct shear tests.
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Figure 7.27: Failure envelope for 80% F-75 sand and 20% CSP specimen (1.74 g/cm3) from
compiled direct shear and simple direct shear tests to the left. Results for direct shear tests
depicted by circles, and results for simple direct shear tests depicted by triangles. To the right,
zoomed in window of the simple direct shear results.

7.3.3 Vertical Cut Test
For all the three vertical cut tests conducted, all the plastic partitions were
removed and the specimens did not collapse, as depicted in Figure 7.27. The specimens
maintained a 16 cm vertical surface, which based on Equation 1.2, corresponds to a
cohesion of 1.38 kPa. However, more media is needed in order to estimate the actual
critical height of the laboratory mixture since the specimen did not fail. Therefore, based
on the vertical cut test results, the F-75 sand coated with 1% of 500 cSt PDMS has a
cohesion of at least 1.38 kPa, but this value might be much higher.
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Figure 7.28: Vertical cut test result for F-75 sand coated with 1% of 500 cSt PDMS.

7.3.4 Split Box Test
The results from all 18 split box tests on F-75 sand coated with PDMS are
summarized in Table 7.3. According to these results, it appears that even though PDMS
slightly increases the tensile strength of sand, the amount and viscosity of PDMS do not
affect the level of tensile strength significantly. A possible explanation for this is that
while the capillary bonds formed by the oil layer create some apparent tensile strength,
the PDMS might concurrently lubricate the particles. More specifically, the tensile
strength recorded reflects the capillary forces, but once the capillary force is exceeded,
the oil possibly decreases the friction facilitating the slippage of grains past one another.
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Table 7.3: Split box test results for two specimen heights, and two PDMS viscosities and contents.

Test No.
Specimen
Height
(cm)

Tensile
Strength
(kPa)

10,000 cSt (2%)

10,000 cSt (1%)

100,000 cSt (1%)

10.6

5.3

10.6

5.3

10.6

5.3

1

0.180

0.170

0.130

0.150

0.160

0.110

2

0.180

0.140

0.140

0.220

0.160

0.004

3

0.190

0.160

0.100

0.100

0.120

0.080

Mean

0.183

0.157

0.123

0.157

0.147

0.065

It is important to note that the 5.3 cm high specimens split with a nearly flat
surface, Figure 7.28; whereas the 10.6 cm high specimens always split following a curved
shape in the same direction, Figure 7.29. Since the surface area for all specimens was
approximated as a flat surface to simplify cohesion calculations, the cohesion values
corresponding to the 10.6 cm high specimens in reality are relatively smaller than the
ones presented. The cause for the curved shape is unknown, and more studies should be
performed to understand this phenomenon. Incorporating a surface at the top of the
specimen to provide contact with the media, while at the same time allowing the box to
split, could potentially minimize the curved failure surface.

Figure 7.29: Splitting pattern for the PDMS-coated F-75 sand specimens with a height of 5.3 cm.
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Figure 7.30: Splitting pattern for the PDMS-coated F-75 sand specimens with a height of 10.6 cm.

7.4 Conclusions
The PDMS coated media has some apparent cohesion due to the capillary bonds
formed by the oil layer. The vertical cut test results were comparable to the direct shear
test results for the media coated with 1%, 500 cSt PDMS. The derived cohesion
parameters were 1.38 and 1.28 kPa for the vertical cut and direct shear tests, respectively.
Even though there is less than a 10% difference between these values, the cohesion
measured using the vertical cut test might actually be higher since the specimens did not
fail. As a result, the two values cannot be truly compared. In addition, the split box test
results indicated low tensile strength values that did not follow any trends based on
PDMS content or viscosity. Even though the addition of PDMS might add apparent
cohesion to the dry media, the values are relatively low, the viscosity of the PDMS
incorporates some liquid-like behaviors to the media, and lubricates the grains. The latter
is expected to reduce the apparent cohesion of the media. Furthermore, the oily residue
and viscous behavior are undesirable characteristics for the purpose of this research.
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Regarding measuring cohesion in dry simulants and mixtures prepared, the direct
shear test results indicate that the addition of CSP and PVA can increase the cohesion of
F-75 sand approximately the same amount, 5 kPa. However, no trends were found based
on the content of CSP or the specimen density, and additional tests are required to arrive
at conclusions for the PVA containing specimens. Future work should focus on
improving the testing techniques, conducting the four tests on all specimens at the same
and several densities, and exploring other methods to induce cohesion in dry media such
as those described in Section 5.4.
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CHAPTER 8: CONCLUSIONS
Throughout this study a total of 10 methods to induce cohesion were investigated:
sand mixed with PDMS, PVA, sugar-water, CNF, agar, nZVI, polymeric sand, adhesive
spray, CSP, and surface modification using a plasma gun. Three of these methods, the
addition of PDMS, CSP, and PVA, were used to produce specimens at different
compositions and tested to determine their cohesion and tensile strength values. The other
methods were considered to be unsuitable for the purpose of terramechanics research.
Based on direct shear, vertical cut, and split box tests, the addition of PDMS to
sand appears to induce small amounts of cohesion, and minimal tensile strength.
However, the addition of PDMS to the sand led to undesirable characteristics for the
purpose of this research including an oily residue, and somewhat viscous behavior.
The addition of PVA and CSP to sand did not alter the dry state of the media, and
appeared to induce relatively large levels of cohesion compared to the specimens coated
with PDMS. Furthermore, since PVA and CSP do not degrade, the use of these materials
is expected to provide permanent levels of cohesion. Nevertheless, further testing is
necessary to establish the suitability of PVA and CSP, not only to produce large scale
specimens, but also to determine the specific levels of cohesion induced by the addition
of these two materials.
This work included developing and fabricating three pieces of equipment –
simple direct shear device, split box device, and vertical cut device. The simple shear
device was based on concepts found in the literature, but our version included a stepper
motor, so displacement controlled tests could be conducted. The apparatus also included
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a load cell for reliable shear load measurements. The split box device was based on the
design by Kim (2001), but our version included features to help alleviate issues with
keeping soil from entering sensitive parts of the device (e.g. ball bearings). The vertical
cut device, which can hold two specimens, was conceptualized and built as part of this
work. These three testing procedures and the direct shear testing, however, did not
produce results that were always internally consistent.
The vertical cut device requires a few modifications to ease the testing procedure
and minimize specimen disturbance. These modifications are expected to yield more
reliable results. The split box test results were initially consistent, but with repeated use
of the equipment, the results became inconsistent. The split box apparatus requires some
modifications.
Even though the direct shear test results agreed with published literature for the
JSC-1A specimens, the results for GRC-3 were less consistent. Therefore, the cohesion
levels of the specimens studied were presumably too small to be accurately measured
with the direct shear test. When it comes to the simple direct shear device, further testing
is needed to determine if this test can reliably measure small values of cohesion.
Nonetheless, the simple direct shear device is an affordable and straightforward testing
procedure to quickly measure the shear strength of soils under low normal stresses.
Overall, based on the tests results it appears that for media with low levels of cohesion,
a range of cohesion values instead of a specific value can be established.
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CHAPTER 10: APPENDIX
10.1 Standard Operating Procedures
10.1.1 Direct Shear Test for a Consolidated Drained Sample
The direct shear test follows ASTM standard D3080. This research used the
GEOCOMP ShearTrac-II system with the corresponding software to monitor the test and
display, edit, and produce test reports. Section 3.2.1 described the device and Figure 3.1
shows the main system components.
10.1.1.1 Specimen Preparation


Before adding the soil to the shear box, measure the inner dimensions of the
assembled shear box (diameter and height from the top of the bottom porous
stone).



Determine to what height the container will be filled (i.e. sample height).



Weigh the empty assembled shear box along with the bottom porous stone.
Ensure that the two plastic screws are tightened, and the four corner knobs are
not in contact with the bottom half of the shear box, as depicted in Figure 10.1.

Figure 10.1: Assembled shear box.
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Pour the sample in the shear box and tamp in layers according to the desired
sample density. Weigh the shear box with the sample, and calculate and record
the sample weight.



Prior to placing the shear box in the water bath box, ensure that the water bath
box is approximately centered relative to the loading frame, as shown in Figure
10.2. Use the horizontal keyboard to center the water bath box. First press 1 to
position the box, then 2 to move it left, and then “Ent.”. Once the water bath
box is centered, press “Esc”.

Figure 10.2: Water bath box centered relative to loading frame.



Level off the top layer of the sample if necessary and place the shear box with
the sample in the water bath box. Tighten the long nut that fastens the threaded
rod holding the horizontal load cell and the shear box piston, and ensure that
there is a gap between the shear box and the water bath box on the right end to
move the water bath box left (Figure 10.3). If there is not sufficient room, adjust
the nut that tightens against the fastening plate on the upper right half of the
shear box, or the four-prong knobs at the right end of the system (Figure 10.4).
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Figure 10.3: Gap between the shear box and the water bath box.

Figure 10.4: Bolt and knobs to adjust shear box relative to the water bath box.



Place the second porous stone centered on top of the sample along with the
loading pad and ensure that the pad is level. Then place the steel ball on top of
the loading pad.



Close the top bar that holds the vertical load cell and tighten the two four-prong
knobs, ensuring that the bar is level (Figure 10.5). If the load cell is too low, use
the vertical keyboard (on the left of the front panel) to move the load cell
upward (Figure 10.6). Alternatively, if the upper limit is reached (red flashing
light), adjust the bar manually using the nuts and knobs from Figure 10.5.
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Figure 10.5: Centered loading pad with steel ball on the left, and closed vertical bar on
the right.

Figure 10.6: Front panel of Shear-Trac II, where the up arrow in the vertical keypad
(boxed in red) moves the vertical load cell up. If the upper limit is reached, the
corresponding red light in the quad arrow will flash; otherwise, the green light will flash
as the load cell continues to move up.



Lower the vertical load cell as much as possible without making contact with
the steel ball. Ensure that the steel ball is aligned with the vertical load cell as
depicted in Figure 10.7. Otherwise, center the sample using the knobs and nuts
from Figure 10.4.
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Figure 10.7: Steel ball aligned with the vertical load cell from the side and front views.



Once the vertical load cell is in place and the sample is centered, place the
vertical displacement sensor (LVDT) on the button on top of the horizontal bar,
as shown in Figure 10.8.

Figure 10.8: Vertical LVDT fixed on the button on the vertical bar.



On the left-end of the water bath box, tighten the nut against fastening plate,
and the two T-bolts that hold the shear box in place, as depicted in Figure 10.9.
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Figure 10.9: T-bolts to hold shear box in place, and nut to fasten the water bath box
and the horizontal stepper motor threaded rod.

10.1.1.2 Test Specifications


Open the Shear program and load the template “Shear_temp.dat.”



Once the template is loaded, under the “Project” tab, input relevant project
information to identify and describe the test. If needed change the units to
preferred units of measurement under the “Options” tab.



Save the file under a different name.



Under the “Specimen” tab input the sample specifications (ie. diameter, height,
initial sample weight, etc.).



On the “Read Table” leave the values as they are in the template, unless
additional values need to be recorded. For the consolidation phase (normal
stress application) values can be recorded based on time, strain or displacement,
whereas for the shear phase only time or displacement can be used. The control
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parameter for each phase is selected under the Read Table column in the Shear
and Consolidation Table pages. The data are recorded when the specified values
in the read table are reached. After reaching the last entered value of the control
parameter, the data will be recorded based on the difference between the last
two specified values. For instance, if the values entered in the time column are
1, 2, 5, and 10 seconds, the data will be recorded at 1, 2, 5, 10, 15, 20 seconds
and so on.


Under the “Test Parameters” tab select “consolidation” for the start phase, and
“Direct Shear” for the shear phase type.



Under the “Consolidation Table” tab specify the desired normal stress,
maximum duration, minimum duration, and T100 offset. For example, 25 kPa
for normal stress, 10 minutes for maximum duration, 1 minute for minimum
duration, and 2 minutes for T100 offset.



Finally, under the “Shear Table” tab, specify the shearing rate, maximum
displacement and maximum force. Follow the ASTM standard D3080 to
determine an adequate shearing rate. Note that the embedded load cells have a
maximum capacity of 500 lbs.



Before starting the test, zero the vertical load cell. Open the system monitor
window under View  System. Go to Calibrate  Summary and under the
Channel option select Vertical Load. In the calibration summary window
overwrite the offset value with the device units (counts) for the vertical load on
the left of the system monitor window. Select Apply, Download and OK. On
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the system monitor window, the vertical load in engineering units should be
zero or almost zero.
10.1.1.3 Initializing Direct Shear Test


Under the “Run” tab select “Start Test.” The program will prompt the user to
save the report file (eg. Report1.dat).



Next, the program will prompt the user to position the platen. Select “OK,” and
another prompt will show up: “Press OK when ready. Press cancel to abort.”
DO NOT click “OK” yet. The vertical load cell will automatically lower until
it comes in contact with the steel ball.



Once the load cell is in contact with the steel ball, the motor will stop running
and the green flashing light on the lower limit arrow will stop flashing. At this
point, check that the load cell is centered with the steel ball. If it is, press “OK;”
otherwise select “Cancel” and use the vertical keypad to raise the vertical load
cell, so that the load cell is not in contact with the steel ball. Then manually
center the steel ball as described in section 8.1.1.1 and restart the test.



After pressing “OK,” the test will automatically apply the consolidation phase.
Once the consolidation phase is complete, a message will show up on the
screen: “Please release and remove bolts from Shear Trac ID 102. Press OK
when ready. Press cancel to abort the test.” Remove the two plastic screws from
the shear box, and twist the four corner knobs to create a small gap between the
bottom and top plates. DO NOT press “OK” yet.
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Go to “View”  “System,” and adjust the horizontal load as close to zero as
possible using the four-prong knots on the right end of the Shear Trac.
Alternatively, record the offset value of the horizontal load cell.



To being the shear phase, press “OK.” When the shear phase ends, a message
shows up on the screen. Unload the sample, and repeat the procedure for desired
normal stresses. Note: a minimum of three values is necessary to determine the
cohesion and friction angle of the media.

10.1.1.4 Direct Shear Test Results


Go to “File”  “Load”  “Open report file.”



To see the summary of the results go to “Report”  “Graph.”



To see detailed results go to “Report”  “Table.”



Highlight the table results, copy them, and paste them in an Excel file. To plot
stress-strain curves, plot the horizontal displacement in the x-axis and the
horizontal stress in the y-axis. If the initial horizontal load was not zeroed
during the procedure, as described in section 8.1.1.3, create a new variable that
equals the horizontal load values minus the initial load (offset value).



To determine the cohesion and the friction angle plot the (adjusted) peak shear
stress of each test on the y-axis, and the corresponding normal loads on the xaxis. Add a linear trend line, where the intercept corresponds to the cohesion
value. The friction angle is derived from the slope of the line as follows,
If the equation for the line is 𝑦 = 𝑚𝑥 + 𝑏
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then,

𝛷 = arctan(𝑚)

(10.1)

𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 = 𝑏

10.1.2 Simple Direct Shear Test
A simple direct shear test device was built to determine the shear strength of soils
at low normal stresses (less than 15 kPa). The device is described in Section 3.2.2, and
the dimensions and set up of the device are depicted in Figures 3.3 and 3.4.
10.1.2.1 Specimen Preparation


Twist the knobs at the top the device (Figure 10.10) until there is a 0.5 mm gap
between the two cylinders. Ensure that the top cylinder is level.

Figure 10.10: Simple direct shear device indicating top knobs to adjust gap between shearing rings.
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Determine the desired sample density, and the mass of soil for each tamped
layer. The sample height should not exceed a total of 8 cm to reduce friction
within the system.



Weigh each layer of soil in a small container prior to adding it to the rings.



Pour the sample by layers in the rings and carefully tamp each layer ensuring
that the rings remain stationary throughout the process.



Place the top platten centered on top of the sample, along with the mass
corresponding to the desired normal stress as depicted in Figure 10.11.

Figure 10.11: Prepared specimen for simple direct shear test.

10.1.2.2 Initializing Simple Direct Shear Test


Turn on both amplifiers. The motor should not exceed 22 volts, and the load
cell 12 volts.
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Figure 10.12: Motor and load cell amplifiers



Open DATAQ Instruments Hardware Manager software, and select record.



Save the file.



Connect the 9 volt battery for the motor to the motor amplifier connection
(Figure 10.13), and at the same time select OK on the DATAQ program.

Figure 10.13: Battery connection for simple direct shear test.
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Once the top shearing ring has displaced around 5 mm, stop recording and turn
off the motor amplifier.



Clean the shearing rings by scooping or vacuuming out the specimen.



Spin the motor right to realign the shearing rings.

10.1.2.3 Simple Direct Shear Test Results


Close the DATAQ window, and open the test file from the folder it is saved in.



Select “Export to Excel.”



To convert voltage into force use Equation 3.1.



To calculate the shear stress in Pascal’s use Equation 3.2.



Plot the shear stress versus the displacement. The motor moves 0.01617 mm
per reading, and the program takes readings every second.



To determine the cohesion and friction angle, plot the peak shear stress of each
test on the y-axis, and the corresponding normal loads on the x-axis. Add a
linear trend line, where the intercept corresponds to the cohesion value. The
friction angle is derived from the slope of the linear model as described in
Equation 10.1.

10.1.3 Vertical Cut Test
A vertical cut test device was built to conduct critical height tests. The device is
described in Section 3.2.3, and the dimensions and set up of the device are depicted in
Figures 3.6 and 3.8.
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10.1.3.1 Specimen Preparation


In a container, weigh the amount of sand for each tamping layer before adding
it to the box.



After tamping all layers, record the sample height and calculate the density.



Place a piece of paper between the blade and the top slab of the removable wall,
and lower the blade until it rests on the paper. Fix the blade in place by twisting
the T-bolts on both ends.



Remove the paper and the first slab by sliding it towards the middle container.



Slide the blade near the middle of the container with sand, and lower it by a set
measurement (between 3 to 5 mm). Fix the blade in place by twisting the Tbolts.



Once the blade is fixed in place, carefully slide the blade towards the center of
the box, pushing the top layer of sand into the middle container. If the sample
displays a vertical wall, repeat the steps and continue lowering the blade by the
same increment until the vertical wall collapses.



Record the height of failure and calculate cohesion following Equation 1.2.

10.1.4 Split Box Test
A split box test device was built to estimate the tensile strength of specimens and
compare the results to the estimated cohesion values of the same specimens. The device
is described in Section 3.2.4, and the dimensions and set up of the device are depicted in
Figures 3.9 and 3.10.
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10.1.4.1 Specimen Preparation


Weigh the empty split box, and the empty loading and balancing containers.



Set up the split box at the edge of a counter and do not lock the two halves of
the box. Load the loading container at a constant rate with water, until the box
splits. Weigh the loading container to determine the weight of water needed to
separate the empty box. This is equivalent to the initial friction.



Set the bucket with water aside, and lock the two halves of the box.



Pour the sample in the split box and tamp in layers according to the desired
sample density or height. Keep track of each layer’s weight and height. After
the compacting the final layer, weigh the split box. Calculate and record the
sample weight, and measure its height. Use these values to calculate sample
volume and density.



Hang the bucket with the water from the friction test, and unlock the two halves.
Add water to the loading container at a constant rate until the box splits again.



Weigh the loading container to determine the weight of water needed to
separate the specimen (subtracting the weight of water to split the empty box).
Ensure that the sample surface is nearly flat. Use the weight of water and the
surface area of the specimen’s failure plante to calculate the tensile strength of
the sample following Equation 3.3.

10.1.5 Test Method for Maximum and Minimum Densities of Sand
The procedure to determine the maximum and minimum densities followed
Japanese Standard JSF T 161-1990. This method is valid for sands that pass 100%
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through a 2 mm sieve, and remain more than 95% on 0.075 mm sieve. The apparatus
used for this test, depicted in Figure 10.14, is composed of a mold with a 60 mm inner
diameter, 40 mm height, and 8 mm thickness, and a 20 mm high collar with the same
inner diameter and thickness as the mold. Additional materials include a paper funnel
with a nozzle measuring 12 ± 1 mm in diameter, a wooden hammer with a 3 mm-diameter
head, and a straight edge. For the paper funnel, the paper cut must have an outer radius
greater than 280 mm, and an inner radius of about 72 mm. The minimum density test is
conducted first, followed by the maximum density.

Figure 10.14: Apparatus for Japanese Standard JSF T 161-1990.

10.1.5.1 Test for Minimum Density


Weigh the empty mold on a scale accurate to 0.1 grams. Record weight.



Screw the collar on the mold.
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Stand the paper funnel at the center of the mold at a 30 ± 1° angle. Continuously
pour the sand into the funnel, and lift the funnel at a constant speed until the
mold is filled. This should take a total of 20 to 30 seconds.



Remove the collar, and then the sand above the mold using a straight edge.



Weight the mold with the sand and calculate the weight of sand.

10.1.5.2 Test for Maximum Density


Weigh the empty mold on a scale accurate to 0.1 grams. Record weight.



Screw the collar on the mold.



Add the sand to the mold in 10 layers. For each layer, hit the side of the mold
100 times with a hammer (1,000 times total).



Remove the collar and then the sand above the mold using a straight edge.



Weight the mold with the sand and calculate the weight of sand.
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